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CHAPTER 1
Survey of Research on Diffuse Nebulae
1*1 Early investigations.
Diffuse nebulae make their appearance
in astronomy as long ago as the eighteenth century,
when various observers published small catalogues of
clusters and nebulae. In 1755} Lacaille1 compiled a
list of fifty-two objects, three of which were diffuse
2nebulae, while about twenty years later Messier’s 
catalogue of 103 objects appeared. Though the former 
of these compilations has fallen into disuse, the 
numbers assigned by Messier are now regularly employed 
for objects on his list.
With the construction of larger tele­
scopes, the numbers of known nebulae increased 
enormously. The largest contributions in this field were 
made by Sir William and Sir John Herschel, the former 
of whom completely surveyed the northern skies, while 
the latter checked all his father’s observations, and 
extended them to the south. Their work culminated in 
the publication of a ^General Catalogue of Nebulae**-^  
containing 5079 objects. This was later revised and
Llextended by Dreyer , and the N.G.C. or l.C. numbers 
of his catalogue are now always used for the 13226 
objects contained therein.
About the middle of the nineteenth 
century, the use of large telescopes - especially the 
72-inch reflector of the Karl of Rosse - raised 
speculation as to the nature of nebulae. As nebula 
after nebula was resolved into stars, it began to 
appear likely that all nebulae were in fact unresolved 
stellar systems. In 1864, however, the gaseous 
nature of at least some nebulae was proved conclusively 
with the first observation, by Sir William Huggins, of 
a bright-line nebular spectrum. This observation 
might also be said to mark the beginning of the study 
of the physics of gaseous nebulae, for Huggins 
identified two of the emissions as lines of hydrogen. 
Other emissions, however, could not be identified, 
and were later attributed to an unknown element, 
’’nebulium”. It was sixty years before the correct 
explanation for these lines was found.
’’Since the time of the Herschels, photo­
graphy and spectroscopy have revolutionized the study 
of nebulae”. This is the first sentence of an out- 
standing paper by Hubble , in which the power of these 
new techniques was well demonstrated. The
spectroscopy was done largely with slitless spectro­
graphs, although some slit spectra were included. 
Slitless spectra are sufficient for the examination 
of general features (whether a spectrum is bright-line 
or continuous), and in the case of emission objects 
of small angular size, such spectra may also be used 
to obtain line intensities and to do surface photo­
metry. For more extended objects, however, slit spectra 
are required to obtain the line intensities.
Hubble proposed the following classes 
and sub-classes of nebulae:
1. Galactic nebulae
1. Planetary nebulae
2. Diffuse nebulae
V.a; numinous objects (i) with bright line
spectra
(ii) with continuous 
spectra
(b) Dark objects 
II. Non-galactic nebulae
1. Spiral
2. Elongated
3. Globular
4. Irregular
As far as broad features are concerned,
it has never become necessary to amend this scheme 
Now that these distinctions have been made, we may
4henceforth confine our attention principally to 
diffuse nebulae (and particularly the emission nebulae), 
with which we are most concerned in this investigation,
Hubble went on to consider the galactic
distribution, spectra, and excitation of diffuse
nebulae. He found that those with emission spectra
were confined to the Milky Way, and were invariably
associated with stars of spectral type earlier than
Bl, The distribution of nebulae with continuous
spectra, on the other hand, indicates that they are
constituents of the local system (Gould belt), while
the B stars associated with them were always Bl or
later. Hubble was thus led to the conclusion that
nebulae are not self-luminous 5 they are excited into
emission by hot stars, or else they simply reflect the
light of stars of later spectral type. He later
7demonstrated this to be true.
1.2 Catalogues of diffuse nebulae.
The early catalogues of nebulae were 
made from visual,telescopic observations, and the 
introduction of photographic techniques to astronomy 
resulted in the number of known nebulae being 
considerably increased.
Emission nebulae may be detected by
5
taking direct photographs with an emulsion-filter 
combination which isolates a prominent nebular 
emission, usually Hoc . Absorption filters were used 
for many years, but have now been largely replaced by 
interference filters, which may be manufactured with 
much narrower pass-bands. Photographs in the light 
of a comparison region of the spectrum, free from 
emission lines, are also required so that the emission 
nebulosity may be detected.
An alternative method is to use an 
objective prism instead of a filter. When this is 
done the nebular radiation, being largely monochromatic, 
will be little affected by the prism, while the stellar 
images will be drawn out into continuous spectra on 
the plate.
Another alternative is to use a Fabry- 
Perot etalon. In this case the nebular emission 
displays a series of concentric interference fringes,
i Qwhile the stellar images are unaffected. Courtesu 
has recently expressed the opinion that this method 
is superior, since it is easier to obtain these 
interference fringes than direct nebular images.
Many catalogues and atlases of diffuse 
nebulae have been published in recent years, the most 
important of which are summarized in Table 1.
6TABLE 1.
Catalogues and Atlases of Diffuse Nebulae
1
AUTHORS
2
YEAR
5
REGION
4
DESCRIPTION
Cederblad^ 1 9 4 6 Whole sky Catalogue of all bright 
diffuse nebulae known in
1 9 4 6
Strohmeier1^ 1950 185°-235° Catalogue of 42 emission 
nebulae
Sharpless and
Osterbrock11 1952 350-230 Catalogue of 16 emission 
nebulae of large angular 
size
12Bok et al 1955 280°-30° Catalogue of 41 emission 
nebulae
Johnson15 1955 330°-240° Catalogue of 152 symmetric 
nebulae
14Gase and Shajn 1955 350°-230° Catalogue of 286 emission 
nebulae
Gum15 1955 220°-20° Catalogue of 85 emission 
nebulae
Khavtassi1^ 1955 0°-360° Catalogue of 797 dark nebulae
Henize1^ 1 9 5 6 LMC and 
SMC
Catalogue of 532 emission 
nebulae
Rodgers et al I960 220°-40° Catalogue of 182 emission 
nebulae
19Rodgers et al I960 220°-40° Atlas of mosaic photographs 
of ULU emission
Khavtassi^ I960 0°-360° Atlas of charts of dark 
nebulae
Johnson^1 I960 2 2 0°-4 0° Isophote charts for EoC , 
, and continuum
22Sharpless I960 N. of 
dec. - 2 7°
Catalogue of 313 emission 
nebulae
Lynds^5 1962 N. of 
dec. - 35°
Catalogue of 1802 dark 
nebulae, with an atlas.
7.
Most of the surveys of Table 1 are 
along the galactic plane, and unless otherwise 
stated the numbers in column 3 give the range of new 
galactic longitude (1 ) covered. In addition to the
information shown in column several of the catalogues 
also give photographs of the regions, and lists of 
exciting stars for the emission nebulae,
1,3 The line spectra of diffuse nebulae.
The physical processes occurring in 
both diffuse and planetary nebulae are reasonably well 
understood. Although the latter have a much smaller 
mass, and are excited by a single star, the mechanisms 
occurring in both types are virtually the same.
The first major step towards an under­
standing of the processes came in 1926, when the
primary mechanism of line excitation in nebulae was
oh 2?explained by Zanstra“ and Menzel (although the 
latter thought the mechanism would require too high a 
temperature for the exciting star). This mechanism 
consists of the photo-ionization of atoms in the 
nebula by ultraviolet radiation from the exciting star. 
This is followed by recombination to higher levels 
with subsequent cascade to the ground state and the 
emission of line radiation. The primary mechanism is
8.
responsible for all the lines of hydrogen and helium 
appearing in nebulae, and also for some weaker lines 
of the more abundant of the other elements, such as 
oxygen and carbon.
In 1927-28, Bowen2°’ ^  proposed the 
secondary (electron excitation) mechanism of nebular 
emission lines, and succeeded in identifying the 
‘’nebulium1’ lines. He showed they were really due to 
forbidden transitions from metastable levels of such 
elements as oxygen and nitrogen. These levels are 
only a few electron volts above the ground state, and 
atoms may be excited into them by impact of the 
electrons liberated by the primary mechanism. The 
densities prevailing in gaseous nebulae are so low, 
and collisions so infrequent, that atoms in these 
metastable levels are able to radiate before they are 
collisionally deactivated, in spite of the low 
transition probabilities of the forbidden jumps.
Seven years later Bowen^’ ^  explained 
the third (fluorescent) mechanism of excitation of 
emission lines. This is rather an unusual mechanism, 
depending on two chance wavelength coincidences. It 
had been observed that several permitted lines of 
OIII and NIII had intensities far too large to be 
explained by the recombination mechanism. The 
explanation was found to be the coincidence in
9
wavelength of the resonance line of Hell and a 
transition from one of the levels of the ground term 
of OIII. Since radiation in this helium line is 
plentiful in high excitation nebulae where helium is 
doubly ionized, this results in the photo-excitation 
of OIII, with subsequent decay back to the ground level 
and the emission of the enhanced OIII lines. The 
second wavelength coincidence is between one of these 
OIII lines and a transition from one of the levels of 
the ground term of NIII, and the enhanced NIII lines 
are thus produced by a similar process.
From 1937 till 19^5? there appeared in
the Astrophysical Journal a series of eighteen papers
by Menzel, Aller, Baker, Shortly, Hebb, and Goldberg.
The general title was ”Physical Processes in Gaseous
Nebulae”, and references to the series are given in
11the last paper. These contributions placed the three 
mechanisms of line excitation on a quantitative basis, 
and the results obtained were tested by observations 
of the line spectra of planetary nebulae. The 
recombination spectra of hydrogen and neutral helium 
were considered and solutions for the population of 
the various states in these atoms were obtained. For 
hydrogen Menzel and Baker were able to take an 
infinite number of levels into account, while for 
helium Goldberg had to restrict the solution to an
10
eight-level atom.
The fluorescent mechanism of Bowen was 
examined and found to be in complete accord with the 
observed line intensities of 0111.
Target areas for electron collisional 
excitation, and transition probabilities were obtained 
for the ions which give the forbidden lines. Electron 
temperatures were obtained from the ratio of intensity 
of the [OIII3 lines, -^ ^ ^ 63) " ^  > anci the relative 
abundances of hydrogen, helium, nitrogen, oxygen, 
fluorine, neon, sulphur, chlorine, and argon in 
planetary nebulae were found.
Since 19*+5, of course, much of this work 
has been revised and extended. The number of contrib­
utions has been large, and we mention but a few.
Improved transition probabilities for forbidden lines
02 33 34. 35have been obtained by Garstang0 5 , while Seaton 5
has given new collision strengths for electron
excitation. Aller^ has discussed the thermal effects
37 38of collisional excitation, and Seaton and Osterbrock-" 
have placed on a firm basis the use of forbidden line 
intensities to obtain both electron temperature and 
electron density. The infinite-level solution of the
recombination spectrum of hydrogen has been improved
on 4-0 4iby SeatonJ7, while Burgess and Searle have
11.
succeeded in making allowance for the effects of 
orbital degeneracy in the spectrum. The recombination 
spectrum of helium has also been investigated by 
Mathis^-, Seaton and Pottasch ' '.
The brightest of the diffuse nebulae, 
the Orion Nebula, has usually been used as a test 
case for the comparison of theory and observation.
UC) Li_AOsterbrock and Flather have obtained electron
densities of 260 - 18000 cm ^, and have discussed 
the density distribution and estimated the mass 
(60M©). Mathis^'7’ ^  kas obtained the helium 
abundance (N(He)/N(H) = 0.117), while the abundances 
of other elements have been found by Aller and 
Lille k 9:
N(N)/N(K) - .^3 x 10"9
N(0)/N(H) = 3.1* x 10_l+
N(Ne)/N(H) s 5A x IO-4
N(S)/N(H) = 9 x 10-9:
N(C1)/N(H) - 7 x 10"^:
II (A)/N (H) - 3 x 1CT6:
In spite of the good general under­
standing of the physics of emission nebulae, there 
are still some matters requiring attention. Perhaps 
the most important question is posed by the 
suggestion of Pottasch^0 that diffuse nebulae may 
become optically thick to the early lines of the
12.
Balmer series, with important consequences in the
hydrogen recombination spectrum. Although it has
1^been shown theoretically by Osterbrock and observ- 
ationally by Gershberg'’2 and Mathis**® that this 
conclusion is not necessarily warranted, there still 
remains a good deal of work to be done before the 
question may be completely resolved.
l A  The continuous spectra of diffuse nebulae.
There are four known mechanisms for the 
production of continuous optical radiation in gaseous 
nebulae:
(i) Firstly we have the scattering of stellar 
radiation by dust associated with the nebula. In 
the case of reflection nebulae, which are 
associated with stars later than BO, this is the 
only source of illumination of the nebula, and 
the spectrum is entirely continuous.
(ii) In emission nebulae radiations emitted by 
electrons as they recombine with hydrogen and 
helium atoms give continuous recombination spectra 
extending towards the ultraviolet from the heads 
of line series. The Balmer continuum is easily 
seen in the spectra of the brighter emission 
nebulae.
(iii) Free-free transitions of electrons also 
provide continuous radiation.
13
(iv) It was found that these three mechanisms
were all insufficient to explain the observed
intensity of the nebular continuum. The problem
was finally solved with the suggestion by Kipper^
and by Spitzer and Greenstein^* that two-quantum
emission from the metastable 2s level of hydrogen
55was involved. Mayer first suggested that such 
two-photon emissions could take place from 
metastable levels. The recombination process for 
hydrogen ensures that a considerable number of 
electrons cascade into the 2s level, and, as 
direct transitions to the ground state are 
forbidden, they must leave this level either by 
collisional processes (mainly 2s -*■ 2p), or by 
two-quantum emission. The total energy of the two 
photons emitted in the process is equal to that of 
a Lyman-oc photon, so the resulting continuous 
spectrum will range from 1216A to longer wave­
lengths. The maximum is about 1500A.
The Orion Nebula has again been used to 
test the theory, its continuous spectrum having been
observed by Greenstein and Henyey^j 57 and
58 59 60Barbier7 5 77. Shajn, Gase and Pikelner have shown
that for diffuse nebulae, emission in the continuum
is proportional to line emission, indicating that the
lb.
scattering of stellar radiation by dust is very small 
compared with the other processes; while 
Seaton^’ ^  has shown that the recombination, 
free-free, and two-quantum continua completely explain 
the observations, both for the Orion Nebula and for 
planetaries, if allowance is made for some 
collisional 2s-**2p transitions.
Recently, however, rocket
64, 65observations of the far ultraviolet emission
of nebulae have raised another diffuclty. Pikelner, 
Shklovsky, and Ivanov-Kholodnyi^0 have examined the 
fluxes obtained from 122JA to 1350A, and have found 
them to be approximately fifty times the value expect­
ed on the basis of the above mechanisms. It is not 
known if the flux is all continuous radiation, 
although there are no theoretically predicted line 
emissions in the region (Lyman-is completely 
absorbed and dispersed by the interstellar medium.)
Thus it appears we must either postulate very large 
errors in the measured fluxes, or find some other 
mechanism to provide extreme ultraviolet radiation in 
nebulae.
1.5 The radio spectra of diffuse nebulae.
In the past thirty years, radio astronomy 
has brought to the study of diffuse nebulae, as to so
15.
many other aspects of the subject, a new and important
means of increasing our observational data. The
radiation from free-free transitions, (which we have
just seen contributes to the optical continuum) extends
also to radio frequencies, and makes emission nebulae
some of the brightest radio sources observed. These
free-free transitions comprise most of the thermal
emission at radio frequencies, and the theory of the
6*7process is well known (e.g. Pawsey and Hill; see 
also section 6.1).
Since this thermal emission and the 
optical recombination spectrum of hydrogen both 
originate in processes involving the hydrogen ions 
and free electrons in nebulae, there is a close 
relationship between the two. In fact the distrib­
ution of surface brightness in Hp for instance, 
should completely determine the distribution of thermal 
radio emission (usually expressed as a distribution 
of brightness temperature). The formulae concerned 
involve not only the electron temperature of the 
nebula, but also the brightness temperature of back­
ground radiation. In fact, if the latter is greater 
than the former (as happens for the longer radio 
wavelengths), the nebula appears in absorption instead 
of emission. Nevertheless, the contours of surface
16.
brightness are still related to the optical contours, 
provided we have a value for this brightness 
temperature of background radiation.
Three factors serve to complicate this 
simple relationship. Firstly, radio observations have 
a much poorer angular resolution than do their optical 
counterparts. In practice this means that for many 
nebulae of smaller size, we may calculate only the 
integrated flux density of the nebula as a whole.
Sven for the larger objects, the information obtained 
is, of course, much poorer than that of the optical 
results.
Secondly, optical observations are 
considerably affected by interstellar extinction, where­
as the radio data are not. This fact raises the 
possibility of determining the amount of interstellar 
extinction involved, by a comparison of the radio and
optical flux densities.
Lastly, there is the presence of non- 
thermal radio emission to be considered. It is 
accepted that a large part of this component is due to 
synchrotron radiation of relativistic electrons 
spiralling in magnetic fields. If radio observations 
are obtained at a single frequency it is impossible to 
assess the contribution of non-thermal radiation to
17.
the total flux. The spectral distributions of the two 
components are different, however. The flux of non- 
thermal radiation decreases with frequency, whereas 
that of the thermal emission from a nebula increases 
as the square of the frequency until the frequency is 
high enough for the nebula to be optically thin, 
whereafter it remains constant with frequency. Thus by 
making radio observations at several frequencies it is 
possible to distinguish the two components.
One further aspect of radio observations 
may be mentioned. Since emission nebulae are frequent­
ly associated with larger complexes of neutral 
hydrogen, observations of emission in the 21 cm line 
may be used to obtain information concerning these 
regions. This has been done in the case of the Orion 
region by Menon^ who has demonstrated the existence 
of an enormous complex with mass equal to lO*' M0 
surrounding the Orion Nebula.
1.6 The gaseous nebula as a quantum counter...
A study of the primary mechanism of 
emission in nebulae leads to two important relation­
ships between the properties of a nebula and the 
ultraviolet radiation of the exciting star. The
relationship involving the size of the ionized region
/
is considered in the next section, while we consider
18
here the concept of the gaseous nebula as a quantum 
counter.
It was Zanstra^? who, when testing 
the theory of the primary mechanism with the 
observations of Hubble, drew attention to the fact that 
a Lyman line quantum produced by the recombination 
mechanism will be reabsorbed and eventually degraded 
to a Lyman-«* quantum (which scatters out of the 
nebula), a Balmer quantum, and sometimes one or more 
quanta of higher hydrogen series. Furthermore, for 
nebulae sufficiently thick, the same is true for a 
quantum of the Lyman continuum.x We have, then, the
situation that every ultra violet quantum from the 
exciting star capable of ionizing hydrogen (i.e. with 
'X < 912A) will eventually be degraded according to 
one of the following schemes
Hcont + Ly oC
or hi/ PaCQnt +• H oC‘ 4- Lyot
or Brcont H p 4- LyoC
or h-x/ — *  Brcorrt- + PaoC + Hot 4  Lyot
and so on.
We see that the resulting radiation
x The condition that the nebula be optically thick 
to Lyman continuum radiation is usually referred 
to as Case 3* Case A is that of a nebula 
optically thin to all Lyman radiation.
19.
always contains one Lyman-®t quantum, always contains 
one Balmer quantum (line or continuum),and always 
contains one quantum of the Balmer, Paschen or a 
higher continuum.
Thus for nebulae optically thick to
Lyman radiation (i.e. those in which all the original
ultraviolet stellar quanta are degraded) we may state
two important results.
QC912A) = Q(Ba) (1)
and Q(912A) = ? ( E % n ? 2 )  (2)
where Q(912A) is the rate of production of quanta with 
*X<912A in the exciting star,
Q(Ba) is the rate of emission of Balmer quanta 
(line and continuum) in the whole 
nebula,
and Q(H*-> n £2) is the total rate of
recombinations to levels withn^-2 in 
the whole nebula.
From (1) we see that by observing the 
Balmer emission of an optically thick nebula we may 
find the number of otherwise unobservable ultraviolet 
quanta (9^<912A) radiated by the exciting star. The 
same is true for other recombination spectra - lines 
of Hel giving the number of quanta with ^ <50^A, and 
lines of Hell those with X228A. Thus the method 
gives information about the ultraviolet spectral 
distribution of the exciting star. Since, however,
20.
the main application of this method is to planetary
nebulae, which have only one star involved, we do
not discuss it further here. An excellent account
71has been given recently by Zanstra.
1,7 The size of the ionized region (Str’omgren sphere)
The second important consequence of the
primary mechanism is that the size of the ionized
region is related to the ultraviolet radiation of the
exciting star. This relationship was first discussed 
72 71by Str’ömgren' ’ . As in the last section we must
assume that all the ultraviolet quanta of the star 
are absorbed and degraded in the nebula, so that the 
boundary of the ionized region is occasioned by the 
exhaustion of ionizing radiation, rather than by a 
density boundary of the interstellar medium.
Stromgren considered the absorption in 
a hydrogen cloud, of ionizing radiation from a star 
of given radius and temperature. He was able to 
solve for the degree of ionization as a function of 
distance from the exciting star and discovered that 
out to a certain distance, R, the hydrogen is 
virtually fully ionized. At R the ionization falls 
off so rapidly that the ionized region may be 
considered to have a sharp spherical boundary; it is
21.
consequently referred to as a Stromgren sphere. 
Stromgren calculated the radius, and his results may 
be represented by the formula
R = U(Sp) Ne_2/3 (3)
where Ne is the electron density in the ionized 
region (equal very nearly to the density of hydrogen), 
and where U(Sp) is a function of the electron 
temperature, and of the temperature and radius of the 
exciting star. If an electron temperature is 
assumed, U(Sp) may also be given as a function of the 
spectral type of the star; it was so tabulated by 
Stromgren.
It has been pointed out by Jefferies
74and Pottasch that Stromgren1s solution failed to 
take account of the scattered ionizing radiation 
produced when recombinations to the ground state
75follow the original photo-ionizations. Münch made 
a simultaneous solution of Saha’s equation and the 
transfer equation of radiation beyond the Lyman limit 
(including the scattered component). He finds that 
Stromgren's radii have to be increased by a factor of 
1.6.
77Gershberg and Pronilr and Seaton 
have obtained expressions for the radius of the 
ionized region directly from equation (2) of the 
previous section. This method depends only indirectly
22.
on the transfer of ultraviolet radiation - through 
the assumption that the boundary of the region is 
sharp. Seaton has given an analytical expression for 
R in terms of the electron density and the radius and 
temperature of the exciting star, while Gershberg 
and Pronik use theoretical models of early-type stars 
to obtain U(Sp) as a function of spectral type.
Strömgren has given two results that 
make this theory more applicable to the case of diffuse 
nebulae. In the first place, when a nebula is 
excited by a number of early-type stars, we have the 
result that the total volume of the ionized region is 
equal to the sum of the volumes of the regions that 
would be excited by each of the stars individually.
Secondly, all the above solutions have 
been carried out assuming uniform density for the 
hydrogen cloud in which the exciting star is embedded. 
In view of the observed density irregularities in 
diffuse nebulae this is a severe restriction. It is 
partly overcome, however, by Str'dmgren1 s result that 
if we have a region containing numerous hydrogen 
clouds, each of density Ne , which occupy a fraction 
cl of the volume (assuming zero density between the 
clouds), then the size of the total ionized region 
will be approximately the same as it would be if the 
region were of uniform density a^Ne.
We must, of course, have some means of estimating 
the degree of density fluctuation (i.e. have an 
estimate of a) before this result may be applied.
So far we have considered an 
Minstantaneous” picture of the ionized region, where 
the size is determined by the parameters of the 
exciting star, and the prevailing electron density at
_ 78the time. Oort has pointed out, however, that such
a sphere of hot ionized gas will be at a considerably
higher pressure than the surrounding neutral hydrogen,
with considerable dynamical consequences. The theory
of the processes involved has since been considered
79-86by several authors . Briefly the mechanism is as 
follows. Consider an 0 star in a large cloud of 
neutral hydrogen, a small part of which has been 
ionized into a Stromgren sphere. The greater pressure 
of this HII region causes it to expand, pushing back 
the surrounding HI region. If there were no transfer 
of mass across the ionization front, such an expansion 
would bring about a decrease of density with radius 
given by
Ne oc R -3 .
Since the relationship of density to the radius of 
the Stromgren sphere is
,-3/2
we see the decrease in density caused by the expansion
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is more than enough to ensure that the ionization 
keeps pace. In fact additional neutral hydrogen is 
ionized, so that the ionized region expands in space, 
and at the same time eats into the surrounding neutral 
gas. Furthermore, the HII region compresses a dense 
shell of neutral hydrogen in front of it, which 
expands outwards at about 14 km/sec. and is separated 
from the undisturbed HI region by a shock front. The 
density within this shell reaches perhaps two hundred 
times that of the undisturbed cloud. When the 
expansion reaches the edge of the hydrogen cloud the 
compressed shell continues to expand into interstellar 
space, its inside edge being ionized and the rest 
neutral. At this stage the ionized edge of the shell 
evaporates backwards in the direction of the exciting 
star, and the neutral part is further accelerated by 
a rocket effect. If the mass of the original cloud 
was sufficiently great this shell will never become 
fully ionized, and masses of neutral hydrogen will 
escape completely at velocities of the order of tens 
of km/sec. This description has been idealized, and 
in practice instabilities at the surface of the 
expanding HII region and in the shell play a large 
part.
This theory was first given to account
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for the observed velocities of interstellar clouds, 
but the compressed shell of neutral hydrogen has also 
been widely discussed in connection with star 
formation. It is suggested that this mechanism may be 
responsible for expanding associations of OB stars.
1.8 The kinematics of diffuse nebulae.
Observations of motion in diffuse 
nebulae are, of course, restricted to line of sight 
velocities. Early work (such as that of Campbell and
OnMoore0/ for the Orion Nebula) was done with slit 
spectrographs, by taking spectra at numerous setting 
positions in the nebula. This procedure is very time 
consuming, and systems have since been devised to 
obtain the velocities of many points with a single 
exposure.
The Fabry-Perot etalon may be used for 
this purpose. The fringe displacement and width at 
each point of a bright interference ring give the 
velocity and the velocity dispersion along the line 
of sight, at the corresponding part of the nebula. 
Courtes0 has used this method to examine the velocity 
fields in the Orion and other nebulae.
An alternative method is to employ a 
Coude spectrograph, using a multislit to cover an
2 6 .
area of the nebula surface. Velocities and velocity
dispersions are again obtained from spectral line
displacements and widths. Wilson, Münch, Flather,
88and Coffeen' have made an excellent series of 
observations of the Orion Nebula in this way, 
measuring the radial velocities at several thousand 
points, for 5007A [OIII] , E* , and 3726A fOIlJ . 
They found that the HII region is expanding into the 
surrounding cold gas with a velocity of the order of 
10 km/sec., and a comparison of the [0IIl]and [Oil] 
results showed this rate of expansion decreases some­
what from the source of ionization outwards.
The physics of the internal motions of 
diffuse nebulae is not as well understood as that of
their spectra. An analysis of the data of Campbell
89and Moore has been given by von Eoerner , while 
Münch'0 has made a preliminary study of the much more 
extensive multislit data. In both cases the 
observations were compared with the theory of 
isotropic, homogeneous, incompressible turbulence 
given by Kolmogoroff^15 ^2. This may be done in two 
ways:
(i) It was shown by von Hoerner that the spectrum 
of turbulence found by Kolmogoroff required that a 
relationship should hold between the radial 
velocity difference of two points in the nebula, u,
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and the projected distance between them,A • If 
L is the effective distance we can see into the 
nebula then
The distance L depends on the amount of inter­
stellar absorption within the nebula. We know, 
for example, that light originating on the far side 
of the Orion Nebula is almost completely absorbed, 
(ii) If we subtract the component of thermal 
motion from the line widths observed at any 
point in the nebula, we obtain some sort of a 
weighted mean (along the line of sight) of the 
component of the mean square radial velocity which 
is due to turbulent motions. Here also the 
weighting factor is strongly determined by the 
interstellar absorption in the nebula.
well for the Orion Nebula, but that it continues to 
values of A which are so low that we must postulate a 
ridiculously large value of interstellar absorption 
in the nebula, which is quite out of keeping with the 
observed line widths. The Kolmogoroff theory thus 
leads to inconsistencies, and its failure has been
u oc A ) for A L
u oc A 1/3 ’ for A >  L
It has been found by both von Hoerner
and Münch that the holds very
attributed by Münch to the effects of compressibility
28.
The multislit observations reveal regions of line 
doubling, where the component separation is 25 lon/sec. 
(compared with a velocity of sound in the nebula of 
about 12 km/sec.). Thus such effects on the motion of 
the medium will be important.
1.9 The general importance of research on diffuse 
nebulae.
In this section we discuss briefly the 
chief ways in which the study of gaseous nebulae is 
related to astronomical research as a whole.
In the first place, emission nebulae 
have received a good deal of attention in attempts to 
define optically the spiral structure of our galaxy.
It was from observations of the spiral arms of the 
Andromeda galaxy that Baade first realized that 
certain classes of objects outlined spiral features 
very clearly. Besides emission nebulae, these objects 
include OB stars, classical cepheids, galactic clusters, 
and cosmic dust. Radio astronomy has, of course, 
added HI regions to the list.
It should be remarked that the 
contribution of emission nebulae to the positioning 
of spiral features is an indirect one, since their 
distances cannot be determined precisely from nebular 
observations alone. It is through observations of 
the exciting stars that we must obtain information
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about the distances of nebulae, and hence the 
distances of the spiral arms which they help 
delineate.
Secondly, emission nebulae are important 
because of the abundance estimates they provide. From 
nebular observations we obtain the present cosmic 
composition of interstellar material - the 
composition of the gas from which stars are forming at 
the present time. The physics of the line emission is 
reasonably well known, and we may obtain good abundance 
estimates for those ions with strong emissions. The 
determination of total abundances of the elements from 
the ionic abundances, however, presents a somewhat 
greater problem.
The largest diffuse nebulae in external 
galaxies are also accessible to observation (e.g. the 
30 Doradus Nebula in theL.M.C., NGC 3^ +6 in the S.M.C,, 
and NGC 604 in M33); so that the study of nebulae 
provides a means of comparing the chemical composition
of different galactic systems.
#
Vie have already touched on the last 
point of interest - the fact that emission nebulae 
are associated with newly condensed stars. Star 
formation is an enormous subject, and one which is 
still in a state of flux, so it would be impossible 
to give an adequate treatment here; excellent
30.
accounts are found in the three prize-winning articles 
on the subject by Burbidge; Kalin; and Ebert, von 
Hoerner, and Temesvary.^
It is possible that emission nebulae may 
be no more than by-products of the processes of star 
formation, produced when newly condensed early-type 
stars ionize a small part of the complex of gas and 
dust from which they were formed. On the other hand, 
as 0ortUi~ has suggested, HII regions, once they appear, 
may play a direct part in the formation of expanding 
associations, by means of the compression front which 
originates at the ionization boundary and expands into 
the surrounding cold gas. Certainly nebulae serve as 
luminous backgrounds for such objects as the
q L_"globules" which Bok and Reilly7 have suggested are 
protostars being formed out of condensations of 
interstellar material. One thing is apparent 
emission nebulae are found where star formation is in 
progress, and it may well be that their observation 
will play a part in the final solution of this 
problem.
1.10 The ^0 bpradus Nebula.
Finally we give brief accounts of 
previous investigations of the two nebulae considered 
in this thesis.
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The 30 Doradus Nebula is the most out­
standing example of a diffuse nebula in any 
extragalactic system. In spite of its distance, the 
enormous size of the object makes it possible to study 
individual regions of nebulosity. The mass of the
95system has been estimated at 5 x 10 M@ by Johnson.
Five clusters of galactic type, involved in the
nebulosity, have been described by Shapley and
96Paraskevopoulos,y who have also given star counts to
magnitude limits for the large, blue, nuclear cluster,
which is responsible for most of the excitation in the
nebula. The structure of the nebulosity is complex,
and large loops exist, especially in the outer regions.
Feast^ has observed interstellar
absorption lines of Ca H and K (and of He I 3889k) in
the spectrum of the central star, indicating the
presence of interstellar extinction within the nebula.
96Shapley and Paraskevopoulosy suggest a total 
photographic absorption in excess of one magnitude.
By far the most extensive study of the
9830 Doradus Nebula yet undertaken is Feast!s survey 
of the stars and nebulosity. From the relative 
intensities of emission lines, obtained by photo­
graphic spectrophotometry, Feast determined an 
electron temperature of 10500°K, and electron
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densities from 100 to 2000 cm” .^ The electron 
density was found to be closely correlated with the 
brightness of the nebulosity, indicating that the 
complex structure of the emission is due to density 
fluctuations. The similarity of the helium line 
intensities to those for the Orion Nebula led Feast 
to suggest a similar helium to hydrogen ratio for the 
two objects, a conclusion reached also by Johnson.
Feast also made radial velocity 
measurements at 37 different points within the nebula, 
and found a velocity dispersion of 11.3 km/sec. The 
velocities were subjected to a von Hoerner-type^ 
analysis for turbulent motion, and the difference in 
velocity between pairs of points was found to be 
independent of their separation, except for the very 
closest separations. Spectral types of twenty stars 
were also presented, and Feast found an unusually 
large number of Wolf-Rayet stars (nine stars) all of 
the nitrogen sequence.
Radio observations of the region have 
been made at 600 Mc/s by Piddington and Trent°°, and 
at 85.5 Mo/s by Mills, Slee and Hill.1C0 The flux 
density of the 30 Doradus complex was given in both 
cases; (the earlier value at 85.5 Mc/s by Mills,
Little and Sheridan^^ contained an error). Shain^
found that at 19.7 Mc/s the nebula appeared in 
absorption.
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1.11 The ^  Garinae Nebula.
The Carinae Nebula is a large bright 
object in the southern Milky Way, Its surface is 
crossed by several clearly defined absorption lanes, 
and there is a very faint background of Hoc emission 
spreading over the region for several degrees. In 
the past thirty years estimates of its distance have 
been made by several authors, their results being 
tabulated in Table 2. In each of these investigations, 
the distance estimate was based on the spectroscopic 
parallaxes of stars enclosed within the nebulosity and 
believed to be associated with it.
TABLE 2.
Estimates of The Distance of The ^  Carinae Nebula.
AUTHORS YEAR DISTANCE ESTIMATE
Bok103 1932 1 1 0 0 pc
Heyden^^ 1 9¥+ 6 0 0 pc
105Bok and van Wijk J 1952 1 5 0 0 pc
Hoffleit106 1953 1 3 0 0 pc
107Hoffleit ' 1956 2470 pc
3*+
Recently the author made an 
examination of this subject, and proposed an improved 
method of selecting stars actually associated with 
the nebula. The distance obtained from the limited 
number of stars used to test the method was 2500 
parsecs.
Bok10  ^and Hoffleit10^’ 10  ^have also 
investigated the nebula itself. The former obtained 
isophotes, discussed the relationship between the stars 
and the nebulosity, and found the hydrogen density to 
be * 120 cnT^; the latter catalogued some seventy 
bright nebulosities in the region, and studied the 
distribution and colour excesses of 0-B5 stars.
Radio observations of the region have
109been made at about iVOO Mc/s by Hindman and Wade ,
and (with greater resolution) by Mathewson, Healey,
and Rome110, Wade111 has discussed the earlier
observations and derived an upper limit mass estimate
of 25000 M0. The flux density at 85*5 Mc/s has been
100 ,given by Mills, Slee, and Hill (the earlier value 
of Mills, Little, and Sheridan101 contained an error). 
The 19.7 Mc/s contours of Shain, Komesaroff, and 
Higgins112 show the nebula in absorption.
108
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CHAPTER 2.
The Spectrophotometric Observations and Their Reduction
2.1 General Remarks.
The observations of the 30 Doradus and 
'Ij Carinae Nebulae fall into two categories:
(i) Spectrophotometric observations.
The brightest part of each nebula was 
examined with a photoelectric spectrophotometer 
(scanner) to obtain the relative intensities of 
emission lines in the blue spectral region. These 
spectral scans were supplemented by spectrograms 
taken with the 8-inch focal length camera of the 
Coude spectrograph of the Mount Stromlo 7*+-inch 
reflector, which were used to resolve close doublets 
and to provide additional intensity information for 
fainter lines.
Series of low resolution scans were 
also obtained for several other setting positions in 
each of the two nebulae.
(ii) Observations for hydrogen-line isophotes.
For the 30 Noradus Nebula35, direct plates 
were obtained on the 7*+-in.ch reflector using an
emulsion-filter combination to isolate the
x Similar observational material was obtained for the 
H Carinae Nebula, but has not been considered in this 
thesis. Since the nebula lies in the galactic plane, 
it has a good deal of overlying absorption, and this 
makes the interpretation of isophotes rather difficult. 
It is hoped to make this material the subject of a 
subsequent investigation.
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spectral region around H°* . One such plate was 
traced on the isophotometer of the University of 
Michigan thus providing hydrogen-line isophotes for 
the nebula. To assist in the relative calibration of 
these isophotes, the scanner was used to obtain 
spatial sweeps across the nebula, both at the wave­
length of H ä , and at a neighbouring part of the 
continuum. The absolute calibration was obtained from 
the nebular scans of (i).
The observations of (i) are considered 
in this chapter and those of (ii) in Chapter 5*
Table 3 gives a general journal of the observations 
discussed in this thesis.
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TABLE 3.
Observations of the 30 Doradus and '»Carinae Nebula
Observing Date
Telescope and 
Instrument
Description of 
Observations
*17-20 Dec. I960 7^-inch (Mt.S.) 
Newtonian Camera
30 Doradus Nebula: 
Direct plates
*8-15 Mar. 1961 26-inch (Mt.B.) 
Scanner
'ilCarinae Nebula: 
Spectral scans
»7 May 1961 74-inch (Mt.S.) 
Coud4
Spectrograph
TfCarinae Nebula: 
spectrograms
18 Oct. 1961, 
13 Nov. 1961, 
7-9 Dec. 1961, 
20 Dec. 1961 - 
1 Jan. 1962.
50-inch (Mt.S.) 
Scanner
3 0 Doradus Nebula: 
Spectral scans, 
sweeps for 
isophote 
calibration
2 3 - 2 5  Jan. 1962 74-inch(Mt.S.) 
Coude
Spectrograph
30 Doradus and 
^Carinae Nebulae: 
spectrograms
1 - 1 0  Feb. 1 9 6 2 30-inch (Mt.S.) 
Scanner
30 Doradus Nebula: 
spectral scans, 
sweeps for 
isophote 
calibration
24-26 Feb. 1962 
6 - 1 1  Mar. 1 9 6 2  
29-30 Mar. 1962
50-inch (Mt.S.) S 
Scanner
30-inch (Mt.S.) 
Scanner
50-inch (Mt.S.)
Scanner. _ . . _ J
30 Doradus Nebula: 
* Sweeps for 
isophote 
calibration
NOTES: Mt.S. : 
Mt.B. :
ä :
Mount Stromlo Observatory
Mount Bingar Field Station of Mount
Stromlo Observatory.
The early observations were made jointly 
with Professor L.H. Aller, then of the 
University of Michigan, as part of a 
combined observing programme.
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2.2 The scanner observations.
The scanner used was that of the 
University of Michigan, constructed by William Liller
113and described by him. This instrument has an f/5 
optical system, but converting optics were constructed 
so that it could be used at the 58-inch and 38-inch 
reflectors of Mount Stromlo (both f/18 systems), and 
at the 26-inch reflector of Mount Bingar (f/12).
The grating was used in the second order 
to obtain the blue spectrum from 3^60A to 580QA. For 
stellar scans a yellow filter was inserted at wave­
lengths longer than 4700A to eliminate the third 
order spectrum. For nebular scans, however, the 
lines at 4-861A, ^959A, and 5°87A were usually 
obtained without this filter, as the third order flux 
of nebulae is negligible at wavelengths short of the 
3727A lines. Observational tests were carried out to 
establish the transmission of the yellow filter at 
these three wavelengths for the reduction of the 
nebular traces.
For detailed scans of the brightest 
region of each nebula, an entrance slit of 15A and an 
exit slit of 9A were used. This combination gives a 
trapezium shaped pass-band, the base of which is 2kk 
wide and the top 6A, (see figure 1). The scanning
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s p e e d  employed was 25A/min.
The s i g n a l  from a r e f r i g e r a t e d  RCA 1P21 
p h o t o m u l t i p l i e r ,  o p e r a t e d  a t  950V . ,  was a m p l i f i e d  by 
a GR a m p l i f i e r  and  r e c o r d e d  on a Brown R e c o r d e r .  The 
c h a r t  speed  u se d  was 5 /6  i n c h / m i n . , and t h e  t im e  
c o n s t a n t  o f  t h e  a m p l i f i e r - r e c o r d e r  sys tem  v a r i e d  from 
1 . 5  s e c .  t o  9 s e c .  depend ing  on t h e  a m p l i f i c a t i o n  
u s e d .  The s i z e  o f  t h e  n e b u l a r  r e g i o n  i n c l u d e d  i n  
t h e  e n t r a n c e  s l i t  u s u a l l y  employed f o r  d e t a i l e d  scan s  
was:
a t  t h e  50- i n c h ,  1 .4*  x 0 . 1 6 ’
a t  t h e  30 - i n c h ,  2 .8* x  0 . 3 1 '
a t  t h e  26 - i n c h ,  2 . 9 ’ x  0 . 3 2 *
F i g u r e  1 shows a s p e c t r o p h o t o m e t e r  
t r a c e  o f  th e  r e g i o n  from t h e  3727A d o u b l e t  o f  [ O i l ] t o  
K£ a t  4102A. The t r a c e  i l l u s t r a t e d  i s  f o r  r e g i o n  "a"  
o f  t h e  30 Doradus Nebula  ( s e e  P l a t e  I I ) .  I t  w i l l  be 
n o t i c e d  t h a t  t h e  r e s o l u t i o n  o b t a i n e d  w i t h  t h e  
s c a n n e r  i s  i n s u f f i c i e n t  t o  r e s o l v e  c l o s e  e m i s s io n  l i n e s  
su c h  as  th e  3727A d o u b l e t .
When o b s e r v in g  a s p e c t r a l  r e g i o n  two 
s c a n s ,  i n  o p p o s i t e  sc a n n in g  d i r e c t i o n s ,  were a lw ays  
t a k e n .  T h is  s e r v e d  t o  check t h e  p h o to m e t ry ,  and such  
a doub le  sc an  was c o n s i d e r e d  t o  be a s i n g l e  
o b s e r v a t i o n .  The l i n e  i n t e n s i t i e s  q u o ted  i n
40.
Chapters 3 and b were derived from three or more such 
observations in the case of the region ,,an scans for 
each nebula; and from two such observations for most 
of the low resolution results for other regions.
When scanning in detail at 25A/min, 
only a portion of the spectrum may be dealt with 
conveniently in each observation. In order to obtain 
the complete spectrum, traces were also made with 
faster scanning speeds (75A/min. and 225A/min.). To 
do this larger slits had to be employed to obtain 
sufficient light for the use of smaller amplifier gains, 
since smaller gains had correspondingly smaller time 
constants. Thus some sacrifice of resolution was 
involved, but these observations were useful for 
comparing the line intensities of the stronger lines 
throughout the spectrum. The fastest scanning speed 
(225 A/min.) was always used for the low resolution 
scans of the additional regions in each nebula, since 
for these regions we are chiefly interested in the 
intensities of the strong forbidden oxygen lines.
The pass-bands for these scans are illustrated in 
Figures 3 and 4.
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.ET 2.
2,1 Corrections for atmospheric extinction and for 
the instrumental spectral response.
The areas of emission lines on the 
scanner tracings were measured with a planimeter. To 
obtain the relative intensities of the lines, these 
areas must be corrected for the effects of atmospheric 
extinction and for the instrumental spectral response.
The latter involves the reflectivity and transmission 
of the various optics, the wavelength response of the 
photo-multiplier, and so on.
Reductions were made for both these 
factors using observations of standard stars.
Standards for photoelectric spectrophotometry have been 
published by Code^*4- and by Oke'*'"^ . Four stars far 
enough south to be observed at Mount Stromlo and 
Mount Bingar were selected from their lists:
^ “ Cet, 6 Ori, oC Leo, and 58 Aql.
These stars cover the right ascensions of our two 
nebulae, but their declinations (+12° to -1°) are 
too far north for convenient use. A number of 
additional stars were selected, therefore, to act as 
southern standards and these were compared with the 
northern standards in an auxiliary observing 
programme, carried out in the moonlight portions of 
nights. The stars chosen were: 
oC Sri, £ Cae, £  Pup, KVel, jS Cru, 3^ Cen, and TSco.
4 2 .
Monochromatic  m ag n i tu d es  f o r  t h e s e ,  and 
f o r  o t h e r  s o u t h e r n  s t a r s  o b s e r v e d  by P r o f e s s o r  
L.H. A l l e r  and t h e  a u t h o r , w i l l  be p u b l i s h e d  i n  due 
c o u r s e .
On e v e r y  n i g h t  o f  o b s e r v a t i o n ,  a t  l e a s t  
one o f  t h e s e  s o u t h e r n  s t a n d a r d s  was o b s e r v e d ,  tw ic e  
where p o s s i b l e ,  t o  p r o v i d e  n o t  on ly  t h e  i n s t r u m e n t a l  
w a v e le n g th  r e s p o n s e  b u t  a l s o  t h e  a t m o s p h e r i c  
e x t i n c t i o n .  V a lu es  o f  t h e  e x t i n c t i o n  c o e f f i c i e n t ,  
k ^  , were o b t a i n e d  a t  f i f t e e n  w a v e le n g th s  r a n g in g  
from 3571A t o  5263A. The c o e f f i c i e n t s  were found t o  
f i t  c l o s e l y  t h e  w a v e le n g th  r e l a t i o n s h i p
l ! y  = A + 3/  (If)
The second  te rm  e x p r e s s e s  t h e  R a y le ig h  
s c a t t e r i n g  by m o l e c u l e s ,  and  th e  q u a n t i t y  B sh o u ld  
be f a i r l y  c o n s t a n t  f o r  a g iv e n  o b s e r v i n g  s i t e .  The 
q u a n t i t y  A r e p r e s e n t s  n o n - s e l e c t i v e  e x t i n c t i o n  from 
o t h e r  s o u r c e s ,  c h i e f l y  d u s t  and w a t e r  v a p o u r ,  and i t s  
v a lu e  depends  l a r g e l y  on t h e  q u a l i t y  o f  t h e  n i g h t .  
F i g u r e  2 g i v e s  a t y p i c a l  p l o t  o f  k „  a s  a f u n c t i o n  o f  
L / '  t o  i l l u s t r a t e  t h e  q u a l i t y  o f  t h e  f i t  t o  
fo rm u la  ( 4 ) .
A was fou n d  t o  v a ry  q u i t e  c o n s i d e r a b l y ,  
a s  e x p e c t e d ,  and even  t o  change w i t h i n  t h e  one n i g h t y  
a v a lu e  o f  0 . 0 2 J  was t h e  a v e r a g e  f o r  a l l  n i g h t s  
exam ined .  F o r t u n a t e l y  t h e  v a lu e  o f  A h a s  a n e g l i g i b l e
effect on the results for relative line intensities, 
as the term involving A is non-wavelength dependent; 
its variability, therefore, causes no concern.
The quantity B was found to be fairly 
constant from one night to the next, although a 
small seasonal variation was noticed at Mount Stromlo 
where observations were continued over a period of 
six months. The mean value of B for each observing 
run, and the standard error (where possible), are 
given in Table 4,
TABLE 4.
Extinction Coefficient B
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ObservingDates
Telescope Mean, B
( /* 4)
Standard
Error
Number 
of Nighi
Mount Bingar 
8-15 Mar. 1961 26" 0.0106 0.0002 6
Mount Stromlo 
13 Nov. 1961 50" 0.0076 — 1
7-9 Dec. 1961 50« 0.0077 0.0008 2
20 Dec. 1961- 
1 Jan. 1962 50“ 0.0088 0.0006 4
1-10 Feb. 1962 30" 0.0109 0.0002 4
24-26 Feb. 1962 50s* 0.0098 0.0004 2
6-11 Mar. 1962 30" 0.0102 - - 1
15 Jun. 1962 50» 0.0079 -- 1
m06 Eridani
7-8  December 196!, 
50 - inch , Mount Stromlo.
I/A 4 C /x '4 )
F i g . 2 . The wavelength dependence of the atmospheric 
extinction coefficient . The line represents the 
least squares f i t .
Once the extinction coefficient B is 
established, observations of standard stars may be 
used to determine the instrumental wavelength 
response, Sy , defined by the equation
- 2 o  iog10 f— *1 ] = + mj/ (5)
where m v  is the monochromatic magnitude of the star 
at frequency t/ (relative to that at the standard 
frequency, V * ), and *Vh 0 is the ratio of the trace 
heights at 1/ and V* 5(corrected for extinction). The 
standard frequency usually chosen is that corresponding 
to a wavelength of 5560A. (Code and Oke).
Values of S v , at nineteen wavelengths, 
were obtained for every night on which observations 
were made, and the values at the wavelengths of the 
nebular lines were then interpolated. The instrumental 
spectral response was found to change slowly with time, 
the sensitivity at shorter wavelengths decreasing with 
respect to that at longer wavelengths. For the 50-inch 
reflector the change was small, but observations at the 
30-inch were made in February and March, 1962, just 
prior to the realuminizing of the primary mirror. There 
is evidence that the old aluminium coating was 
deteriorating rather quickly, since during the one 
month interval between observing runs the sensitivity 
at 3727Ä (with respect to that at 4B61A) decreased by
*+5 .
A l l  t h e  c a l c u l a t i o n s  d e s c r i b e d  so f a r  
i n  t h i s  s e c t i o n  were  c a r r i e d  o u t  on t h e  IBM 1620 D ata  
P r o c e s s i n g  System o f  t h e  A u s t r a l i a n  N a t i o n a l  
U n i v e r s i t y ,  L e a s t  s q u a r e s  s o l u t i o n s  were u s e d  t o  
o b t a i n  t h e  e x t i n c t i o n  c o e f f i c i e n t s ,  k^s , from t h e  
m easu red  s t a n d a r d  s t a r  t r a c e  h e i g h t s  and t h e  r e c o r d e d  
s i d e r e a l  t i m e s ,  and  a l s o  t o  o b t a i n  A and B v a l u e s  from 
t h e  c a l c u l a t e d  k ^  c o e f f i c i e n t s  and  t h e  w a v e l e n g t h s .
One o t h e r  sm a l l  c o r r e c t i o n  i s  r e q u i r e d  
t o  r ed u c e  t h e  m easu red  e m i s s io n  l i n e  a r e a s  t o  r e l a t i v e  
i n t e n s i t i e s ,  due t o  t h e  f a c t  t h a t  a g r a t i n g ,  when 
r o t a t e d  u n i f o r m l y ,  does n o t  g iv e  a p e r f e c t l y  l i n e a r  
w a v e le n g th  d r i v e .  T h is  c o r r e c t i o n  was e s t a b l i s h e d  
e m p i r i c a l l y  by m e a s u r in g  t h e  p o s i t i o n s  o f  l i n e s  o f  
known w a v e le n g th  on s c a n n e r  t r a c i n g s .  The c o r r e c t i o n  
r e q u i r e d  i s  s m a l l ;  t h e  w a v e le n g th  d r i v e  i s  j u s t  o v e r  
two p e r  c e n t  f a s t e r  a t  3727A t h a n  i t  i s  a t  4861A.
2 , 4  The Coude s p e c t r o g r a m s .
Two s p e c t r o g r a m s  o f  r e g i o n  " a “ o f  t h e  
30 Doradus Nebula  and  t h r e e  o f  r e g i o n  “a 11 o f  t h e
1
'Yi C a r in a e  Nebula  were o b t a i n e d  w i t h  t h e  Coude s p e c t r o ­
g r a p h  o f  t h e  7 ^ - i n c h  r e f l e c t o r .  T a b le  5 g i v e s  t h e  
e x p o s u re  t im e s  f o r  t h e s e  p l a t e s ,  and  P l a t e  I  shows a 
p r i n t  made from t h e  l o n g  e x p o s u re  s p e c t r o g r a m  o f  t h e  
30 Doradus N ebu la .
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TABLE 5.
IThe Coude Spectrograms
Object Ho Date Exposure
30 Doradus Nebula, Cd 3^1 23 Jan. 1962 Ihr. OOmin.
region "a”
Cd 3^3 24 Jan. 1962 Jhr. 33min.
^  Carinae Nebula, Cd 71 7 May, 1961 3hr.
region "a"
Cd 72 7 May, 1961 Ihr. 24min.
Cd 346 25 Jan. 1962 24min.
A 600 line /mm grating, blazed at 38OOA 
in the second order, was used with a Meinel-Pearson, 
8-inch, f/1, flat-field Schmidt camera, to give a 
dispersion of 40 A/mm. A slit of width 0.8 mm and of 
length 7*5 mm was normally employed, corresponding to 
a region 2.8" x 27n in the sky, and to a spectrum 
O .2 7 mm wide on the plate. The emulsion used was 
Kodak IIa-0, and prior to exposure plates were baked 
for three days in an oven at 50° to increase their 
sensitivity. The plates cover the blue spectral 
region from 3*+?0A to J100A.
Intensity calibration was provided by 
means of a wedge slit; the calibration slit images
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are seen above and below the nebular spectrum in 
Plate I. The plates were traced on the Hilger micro- 
photometer of Mount Stromlo Observatory. A Mosely 
X-Y Recorder was employed, with a calibration curve 
derived from the wedge slit images, to give direct 
intensity records. Corrections for atmospheric 
extinction were made, using the mean value of secant 
zenith distance for each plate, and the extinction 
coefficients obtained from the scanner results. The 
wavelength dependence of the plate response was 
obtained from those emission lines for which relative 
intensities were available from the scanner data.
Relative intensities from the 
photographic spectrophotometry were incorporated in 
the final results only for the weaker lines, and for 
the resolution of close doublets; in all other cases 
the results of the photoelectric spectrophotometry 
alone were used. The lines for which Coudi data were 
incorporated are clearly marked when the results are 
presented in Tables 7 and 9.
2.5 Correction for interstellar reddening.
For diffuse nebulae, interstellar 
reddening presents a difficult problem. Since there 
is a general association of gas and dust in interstellar
s p a c e ,  a good d e a l  o f  a b s o r p t i o n  t a k e s  p l a c e  w i t h i n  
t h e  n e b u la  i t s e l f ,  i n  a d d i t i o n  t o  t h a t  which  o c c u r s  
be tw een  t h e  o b j e c t  and t h e  o b s e r v e r ,  and t h i s  
c o m p l i c a t e s  t h e  d e t e r m i n a t i o n  o f  t h e  amount o f  
r e d d e n i n g  t o  be a p p l i e d *
One a p p ro a c h  t o  t h e  p rob lem  i s  t o  o b se rv e  
t h e  r e d d e n in g  o f  s t a r s  a s s o c i a t e d  w i t h  t h e  n e b u l a ,  and 
t o  a p p ly  t h e  same v a lu e  t o  t h e  n e b u la  i t s e l f .  T h is  
method may l e a d  t o  e r r o r ,  how ever ,  due t o  o b s c u r a t i o n  
o f  t h e  e m i s s i o n  w i t h i n  t h e  n e b u l a .  I n  th e  c a se  o f  th e  
O r ion  N e b u la ,  f o r  i n s t a n c e ,  W i l so n ,  Munch, F l a t h e r ,  
and  C o f fee n  J have  fou n d  t h a t  o n ly  t h e  n e b u l o s i t y  on 
t h e  n e a r  s i d e  o f  t h e  T rap e z iu m  s t a r s  i s  a c c e s s i b l e  t o  
o b s e r v a t i o n ;  t h e  r e s t  i s  o b s c u r e d  by t h e  i n t e r s t e l l a r  
a b s o r p t i o n  o f  a s s o c i a t e d  s o l i d  p a r t i c l e s .  T h is  b e in g  
s o ,  t h e  v a lu e  o f  i n t e r s t e l l a r  r e d d e n in g  o b t a i n e d  f o r  
t h e s e  s t a r s  i s  t o o  l a r g e  f o r  th e  o b s e r v a b l e  n e b u l o s i t y .
The o t h e r  a p p ro a c h  i s  t o  u s e  t h e  n e b u l a r
e m i s s io n s  t h e m s e lv e s  ( u s u a l l y  t h e  h y d ro g e n  l i n e s )  t o
d e te r m in e  t h e  i n t e r s t e l l a r  a b s o r p t i o n .  To do t h i s  we
n e ed  r e l i a b l e  e s t i m a t e s  f o r  t h e  i n t r i n s i c  r e l a t i v e
i n t e n s i t i e s  o f  t h e  l i n e s  ( s e e  ( i i )  b e lo w ) .  E s t i m a t e s
from  t h e  l i n e s  were o b t a i n e d  f o r  t h e  O r io n  Nebula  by
M a t h i s , ^  who u se d  t h e  Balmer l i n e  i n t e n s i t i e s ,  and by
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A l l e r  and L i l l e r ,  who u se d  t h e  P a sc h en -B a lm er  l i n e
r a t i o s
They found that the reddening for the nebula was only 
about half that for the Trapezium stars.
In view of these difficulties, it is 
best to discuss each nebula separately, examining all 
available data, both for the line intensities and for 
the associated stars. This is done for the 30 Doradus 
Nebula in section 3«2 and for the ^ Carinae Nebula in 
section 1+.2.
However, two points of general 
application may be discussed here.
(i) The wavelength dependence of interstellar 
reddening:
Code and Houck^"^, and Wesselink^^ 
have investigated the reddening of early-type stars 
in the Magellanic Clouds, and have found that for the 
Large Cloud, the absorption seems to follow the same 
reddening law as for our own galaxy. It should be 
permissible, therefore, to use the same law for both 
the nebulae considered in this investigation.
The form of the reddening curve is 
obtained from the spectrophotometric comparison of 
reddened and unreddened OB stars. Whitford-1" has 
given a review of determinations made by several 
observing procedures for the normal spectral range 
3.0 - 1.0ye*“1 (3300 - 10000A), and has partly closed 
the gap between 1.0 and zero on the wave-number
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scale by means of lead sulphide observations through 
infra-red filters.
The evidence indicates that the
reddening law, from about 4000A to longer wavelengths,
is independent of galactic longitude, but that
variations may occur in the ultraviolet portion of the
curve. Wampler"^J 120 has investigated colour
excesses on a three-colour interference filter system,
throughout a wide range of galactic longitude, and
has found that the ratio Eq-b/Eb -V varies from O.7O
121to 0.88. Rodgers , on the other hand, has taken 
scanner observations of 0 stars in Cygnus and Cepheus, 
and has suggested that in fact the reddening laws in 
both directions are the same, and that the variation 
in colour excesses on the UBV system is caused by 
changes in the effective wavelength of the U filter, 
due to an abnormally large Balmer discontinuity in 
the Cygnus 0 stars.
In any case, the wavelength base of 
Wampler’s interference filters (3310A-4500A-5500A) is 
larger than the wavelength region of the nebular 
emission lines we are considering, and the largest 
deviations from the Whitford results found by 
Wampler, will give deviations in the relative 
intensities of nebular lines of less than O.Q15
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magnitudes for each magnitude of visual absorption.
It is possible to use Whitford*s curve in this thesis, 
therefore, without fear of introducing appreciable 
errors.
Table 6 gives the wavelength dependence
of interstellar absorption. This table has been
obtained from Whitford’s figure 2, normalized so that
mA Hp = 1*00
mA oo - 0,0 0
TABLE 6.
Wavelength Dependence of Interstellar Absorption
■x a A>
m m
3 2 0 0 1.45 5 2 0 0 0.92
3 6 0 0 1.33 5 6 0 0 0 . 8 3
1+000 1 . 2 2 6 0 0 0 0 . 7 6
4400 1.12 6400 0 . 6 9
4800 1.02 6800 0.6!+
4861 1.00 OO 0.00
122Hoyle and Wickramasinghe have found 
excellent agreement between the Whitford curve, and 
one predicted theoretically for interstellar reddening
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by small graphite flakes. They also note that graphite 
particles will not evaporate in HII regions, as do ice 
crystals, so that they might well explain the large 
amounts of absorbing material known to be associated 
with the gas in these regions.
(ii) The intrinsic Balrner decremeht:
LlQBurgess has solved the capture-cascade 
equations for hydrogen, taking into account the 
orbital degeneracy of the levels, and has obtained 
theoretical Balrner decrements for both Case A and Case 
B, at electron temperatures of 10000°K and 20000°K. 
Diffuse nebulae approach the conditions of Case B 
more closely than those of Case A. These are:
1. All Lyman radiation produced in the nebula 
is immediately reabosrbed;
2. There are no collisional transitions; and
3. There are no radiative excitations except 
from the ground state.
Burgess found that the relative 
intensities of the hydrogen lines were very 
insensitive to temperature - the 10000°K and 20000°K 
Case B results differ by only one or two percent;
(also the 10000°K Case A intensities are very nearly 
the same).
bOIt has been pointed out by Burgess
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and by Pottasch^ that the conditions of Case B 
cannot all apply simultaneously, since they then 
provide no means of depopulating the 2p level of 
hydrogen; any 2p-*ls transitions from this level are 
immediately reversed, (condition 1), and conditions 
2 and 3 prevent all other radiative and collisional 
means of escape from the level.
Pottasch considers that the population
of the 2p level will become large enough for
condition 3 to break down, so that absorptions will
occur from the second level, giving the nebula an
optical depth in HoC , ?" (H < ), of order unity.
Collisions do not play any part for electron densities 
crless than 1CK cm . Pottasch has given amended 
Balmer decrements for an electron temperature of 
1000C°K, and for a range of values of T(Hod),
51Osterbrock, on the other hand, has 
considered the escape of Lyman-o£ radiation from an 
"isolated” nebula, and has found that the frequency 
distribution after scattering is such that the number 
of scatterings a Lyman-oc quantum undergoes before 
escaping, is significantly lower than that required by 
condition 1. Thus the emission of Lymanquanta at 
frequencies away from the line centre, followed by 
the escape of these quanta from the nebula, may be
sufficient to keep the nebula thin in the Balmer lines.
From the theoretical point of view, the 
question can be solved only by a very detailed 
solution of the Lyman-oC transfer problem, including 
the effects of any neutral hydrogen surrounding the 
diffuse nebula.
Observationally the situation is not
much better* Uncertainties in the measured relative
intensities of Balmer lines, and in the amount of
interstellar reddening to be employed, obscure the
comparison with the theoretical decrements for various
T  (Hoc ) values. Mathis^ obtained Hoc, Eß , and
intensities for four diffuse nebulae, and found that
the hypothesis that nebulae are optically thin in HoC
fitted the observations best, a conclusion reached
52also by Gershberg on the basis of several arguments.
Regarding our own observations, tests 
were carried out using the observed Kß , H2f , and H$ 
relative intensities for the two nebulae. It was 
found possible to fit the observations with almost any 
of Pottasch's decrements if an appropriate value of 
interstellar reddening was chosen; the results are 
thus inconclusive. Relying principally on the results 
of Mathis and Gershberg, therefore, we have adopted 
the assumption that T(HoC) = 0, and have used the
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Balmer decrement of Burgess, Certainly this 
decrement fits our observations equally as well as 
any of those for greater T(Ho6 ), and the values of 
interstellar absorption we obtain on this assumption, 
appear quite reasonable, (See sections 3*2 and 4.2).
Plate II. A photograph of the 30 Doradus Nebula 
in Hoc light. South is to the top and east to 
the left. The scale on the chart is O.83 cm 
per minute of arc. The two rectangles marked 
below the print represent -
(i) the size of the scanner entrance 
slit usually employed for detailed 
scans;
(ii) the size of the scanner entrance 
slit usually employed for low 
resolution scans.
( i i )
CHAPTER 3.
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The 30 Doradus Nebula -
Spectrum. Abundances, and Temperature Distribution
3.1 The spectrum of the bright loop.
Setting position naH of the 30 Doradus 
Nebula, at which the detailed scans and the Coude 
spectra were taken, is the brightest part of the great 
loop which lies to the east of the nucleus (see Plate 
II). It is centered close to position A of Feast’s ^  
paper, but in the case of the scans, it also includes 
his positions B and G, since the size of the nebular 
region covered by the scanner entrance slit is 
1.4* x 0.16».
Table 7 gives the relative intensities 
of twenty-four emissions, corrected for atmospheric 
extinction, I0t,s. The intensity of H/3 is taken as 100 
in conformity with usual practice. The mean errors 
were found to range from four per cent for the 
strongest lines to ten per cent for the weakest.
3.2 Interstellar reddening for the 30 Doradus Ne bulla.
123Feast, Thackeray, and Wesselink ^ have
found that, for the Large Magellanic Cloud, stars
within nebulae have a larger mean interstellar
m m
absorption than those outside (0.40 and 0.20
respectively), indicating a statistical association
of gas and dust.
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TABLE 7.
Emission line intensities for the 30 Doradus Nebula,
region "aM
3112/1 H
3122/1 H
3726* Ion]
3729* [on]
3734^ H
3130/1 H
3771 H
3798 H
3820^ He I
3835 H
3 8 6 9 [Neill]
3889 Hel
3889 H
3968* [Neill]
3970* H
4026^ Hel
4 0 6 9^ [SII]
4 1 0 2 H
4340 H
4 3 6 3 lo m ]
4471 Hel
4861 H
4959 Coni']
5007 C om ]
* Coude results were
^obs
1.3
1.4 
49 
52
1.5
2.4
2.7 
3-9 
0.7
5.5
26.7
} 13.8
7.9 
14.5
1.8 
1.0 j
22.8 
42.0
3-7
3.6 
100 
173 
499
used to separate these
corr theor
1.8
1.9
67
72
2.1
3.3
3.7
5.2 6.1
0.9
7.3 8.1
35.2
6.7
11.4 11.4
10.0
I8 . 4 1 7 . 2
2.3
1.2:
28.3 2 7 . 6
48.3 46.9
4.3
4.0
100 100
17 0
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lines.
^ Coude results were used to provide intensity information 
for these weak lines.
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Shapley and Nail have dram
attention to the Gepheid HV27^9 , which is lb' south
of 30 Doradus, and which has an interstellar
absorption of 1?3, while Gascoigne12  ^has made ÜBV
observations of 30 Doradus itself (the central star)
mand has found an absorption of 1.?. We may thus
expect the visual absorption for the nebula to be of
this order, or perhaps a little less.
We obtain a value of the interstellar
reddening for region "a" of the nebula by comparing
the observed Balmer line intensities with the
theoretical values of Burgess 5^ the 10000°K, Case B
theoretical ratios have been used. The result is
mAv = 1.0
The second last column of Table 7 gives 
the line intensities corrected for this amount of 
reddening; and the last, the theoretical Balmer 
intensities of Burgess. It will be seen that there is 
good agreement. The Burgess intensity of the 3889A 
line of hydrogen has been adopted, and the intensity 
of the 3889A line of helium is obtained by subtracting 
this from the total observed intensity of the blend.
In the next section we find a value for 
the electron temperature of 10800°K for region "a".
The use of 10000°K in this section will cause
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n e g l i g i b l e  e r r o r ,  however ,  i n  v iew o f  t h e  
i n s e n s i t i v i t y  o f  t h e  Balmer decrem en t  t o  t e m p e r a t u r e  
( B u r g e s s lC) .
3 .3  The e l e c t r o n  d e n s i t y ,  Ne , and  e l e c t r o n  
t e m p e r a t u r e , T e .
We may c a l c u l a t e  t h e s e  q u a n t i t i e s  from 
t h e  r e l a t i v e  i n t e n s i t i e s  o f  f o r b i d d e n  oxygen l i n e s .
The i n t e n s i t y  r a t i o  o f  t h e  two n e b u l a r  f o i l ]  l i n e s  i s  
s t r o n g l y  d ep en d e n t  on e l e c t r o n  d e n s i t y ,  and  we h a v e ,
O D
from t h e  work o f  S e a to n  and  O s te r b r o c k ,
1 0 7 2 9 )  _ , e 1 + 0 .3 3 *  * 2. 3 0 * ( H - 0 . 7 5 <  + 0 . 1 1Q  t
1(3726) " 1 + 0.4-0« * 9 . 9  *  (1 +  0 .8 4 *  + 0 .1 7  « : )
where t  ■ 10-1+ Te
Of = 1 0 _1+ He/ 1 1/4
£ = e x p ( - 1 . 9 6 / t )
The i n t e n s i t y  r a t i o  o f  t h e  n e b u l a r  and  
a u r o r a l  f O I I l ]  l i n e s ,  on t h e  o t h e r  h an d ,  i s  s t r o n g l y  
t e m p e r a t u r e  d e p e n d e n t ,  and we have  ( S e a t o n ? ? ) ,
1 (4 9 5 9 +  5007) 7 .1  exp(  3 . 3 0 / 1) (rj\
1(4363) = 1 + 0.038 ^
I n s e r t i n g  t h e  o b s e r v e d  l i n e  i n t e n s i t i e s  
f rom T ab le  7? and s o l v i n g  t h e s e  two e q u a t i o n s  f o r  t 
and *  we f i n d
t = 1 .0 8  , Te = 10800°K
-  56O cm"?X = 0 .0 5 4  , Ne
6o
Since  t h e  oxygen ab u n d an c e ,  which we 
d e r i v e  i n  s e c t i o n  3*6, depends  r a t h e r  s h a r p l y  on 
e l e c t r o n  t e m p e r a t u r e ,  i t  i s  i m p o r t a n t  t o  know t h e  
p r e c i s i o n  o f  th e  above e s t i m a t e ;  t h e  mean e r r o r s  o f  
t h e  o b s e r v e d  i n t e n s i t i e s  o f  th e  f O I I l ]  l i n e s  g iv e  a 
c o r r e s p o n d i n g  mean e r r o r  f o r  t h e  e l e c t r o n  t e m p e r a t u r e  
o f  ± 400°IC.
3 . 4  The abundance o f  H e* .
We d e te r m in e  t h e  abundance  o f  i o n i z e d  
h e l iu m ,  N(He+ ) ,  from t h e  s t r e n g t h s  o f  t h e  t r i p l e t  
r e c o m b i n a t i o n  l i n e s  o f  n e u t r a l  h e l i u m .  The 
i n t e n s i t i e s  o f  f o u r  su c h  l i n e s  a r e  g iv e n  i n  T ab le  7 :
3 3p° _ 2 3s , 3889A
and  t h e  t h r e e  l i n e s  o f  t h e  n  -  2 3p° s e r i e s
4 3d -  2 3pO )
5 3d _ 2 3Po ) 1+026A
6 3d - 2 3p° } 3820A
B efo re  we can u se  t h e s e  i n t e n s i t i e s  f o r  
abundance  d e t e r m i n a t i o n ,  we must examine a s u g g e s t i o n  
by P o t t  a s  c h ^  t h a t  t h e  m e t a s t a b i l i t y  o f  t h e  2 l e v e l  
o f  h e l i u m  c a u se s  d i f f u s e  n e b u la e  t o  become o p t i c a l l y  
t h i c k  t o  t r a n s i t i o n s  o r i g i n a t i n g  from t h i s  l e v e l ,  w i t h  
a c o n se q u e n t  m o d i f i c a t i o n  o f  t h e  t r i p l e t  l i n e  s p e c t r u m .  
P o t t a s c h  has  c a l c u l a t e d  t h e  changes  i n  t h e  l i n e
6l.
i n t e n s i t i e s  t h a t  o c c u r  a s  t h e  o p t i c a l  d e p th  i n  t h e  
3889A l i n e , T ( 3889) ,  i n c r e a s e s  from z e r o  t o  30*0.
(A c o m b in a t io n  o f  P o t t a s c h ’ s t a b l e s  1 and 2 p r o v i d e s  
t h i s  i n f o r m a t i o n ) .
The 3889A l i n e  h a s  t h e  m e t a s t a b l e  l e v e l  
a s  i t s  lo w er  l e v e l ,  and c o n s e q u e n t l y  i s  c o n s i d e r a b l y  
r e a b s o r b e d  and d e g ra d e d .  P o t t a s c h  i n d i c a t e s  a 
d e c r e a s e  by a f a c t o r  o f  t e n  a s  7 ( 3889) r i s e s  t o  3°* 0 .
On t h e  o t h e r  h a n d ,  t h e  n  -  2 8p°
s e r i e s  l i n e s  a r e  l i t t l e  a f f e c t e d .  In  t h e  f i r s t  p l a c e  
t h e  p o p u l a t i o n  o f  t h e  2 3p° l e v e l  n e v e r  becomes h i g h  
enough f o r  l i n e s  o f  t h i s  s e r i e s  t o  be r e a b s o r b e d ,  and 
s e c o n d l y ,  t h e  u p p e r  l e v e l s  o f  t h i s  s e r i e s  can n e v e r  be 
d i r e c t l y  p o p u l a t e d  by a b s o r p t i o n  from t h e  m e t a s t a b l e  
l e v e l ,  s i n c e  2 8s _ n 3q t r a n s i t i o n s  v i o l a t e  t h e  
e l e c t r i c  d i p o l e  s e l e c t i o n  r u l e s .  Thus t h e  o n ly  changes  
o f  i n t e n s i t y  f o r  t h i s  s e r i e s  a r e  due t o  i n d i r e c t  
p r o c e s s e s  i n v o l v i n g  h i g h e r  l e v e l s .  The i n c r e a s e  i n  
1 (4471)  i s  o n ly  seven  p e r  c e n t  a s  7 ( 3 8 8 9 )  i n c r e a s e s  
f rom z e ro  t o  30*0,  w h i l e  t h e  l i n e s  a t  4026A and 3820A 
show no change a t  a l l .
Thus we may u s e  t h e  r a t i o  o f  I ( 3889) t o  
1 (4471 ,  402 6 ,  3820) t o  e s t i m a t e  a v a lu e  f o r  7 (3 8 8 9 )>  
c o r r e c t  t h e  i n t e n s i t y  v a l u e s  1 ( 4 4 7 1 j 4026 ,  3820) 
a c c o r d i n g l y ,  and u se  t h e  c o r r e c t e d  v a l u e s  t o  e s t i m a t e
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the abundance N(He*). We find
lC^ i-7ll = corresponding to 1'(3889) = 3.9
Ill'll'} = 2«91j corresponding to ^(3889) = 4.5
rC^sl'o} = > corresponding to T(3889) = 2.2
In taking the mean, we weight these 
results according to the mean errors obtained for the 
several intensity estimates of the individual lines. 
The result is
T (3889) = 4 .
This confirms that the 30 Doradus Nebula 
has an appreciable optical depth in this line, and 
explains the observation of the 3889A interstellar 
absorption line in the spectrum of the central star by 
Feast.?2. Pottasch's tables 1 and 2 indicate that for 
this value of T(3889)> the corrections to 
1(44-71, 4026, 3820) are negligible.
The formula for obtaining the abundance 
of an ion from the intensity of recombination lines 
is given by Seaton,77
N(He*) -j 1 (He0) <*4 ?(H°) I, i , (He0)
________ _ o ; «J________  1 ? ^ _______  0 ? J________
N(H+ ) 4861 oCj^tCHe0) I(H{3 )
where the ot quantities are the effective recombination 
coefficients for the helium line and for Hp . Values 
of oC y y  (He0) may be obtained from the formula,
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based on the Boltzmann-Saha equation,
o£. . , (He0) = 2.06 x 10 
J j J
-16
2 5 2i t
,-3/2
ö o
expßi2k)V k  T / (9)
whe re 
AJ > Ji t
J
6t>
is the transition probability,
is the departure from thermodynamic 
equilibrium,
are the statistical weights of the upper 
level, and of the ground state of the 
ion, respectively,
is the excitation potential of the upper 
level, and
I is the ionization potential.
LlO
Seaton0  has pointed out that for the
n - 2 JP° series, the population of the initial
level is determined almost entirely by capture on
levels with azimuthal quantum number 1>2, in which
case the situation is very nearly hydrogenic. We may
1+0thus use the bj values of Burgess. The transition 
probabilities for helium were calculated from the
Ipz
corresponding oscillator strengths of Goldberg . The
value of oC), n(H°) has been quoted by S e a t o n , a n d
is based on the effective value of bj for the H
bOline, b^, calculated by Burgess.
The 10000°K values of the effective
recombination coefficients were used. This will 
cause negligible error, since all the recombination
6b
lines considered are very nearly hydrogenic, and we 
have already indicated that relative intensities of 
such lines are insensitive to temperature. This 
applies especially in the case of the 4471A line, 
which has virtually the same temperature dependence 
as Ef* .
Supplying the numerical values to (8)
we find
I(4471)wwn 1-93 KHjJJ
« 3*6 I (>+026)I(H^)
= 6.1 1(8820)
and the line intensities of Table 7 give abundance 
values of 0.077? 0.083? and O.O55? from the 4471A, 
4026A, and 3820A lines respectively. Taking a mean, 
weighted as before, we find 
'r(He*) = °-°76 * 0.006
where the error shown is the weighted mean deviation 
of the three estimates, and is also very nearly equal 
to the mean deviations obtained for the several 
observations of intensity of the individual lines.
3.5 Abundances from forbidden lines.
Table 7 contains intensities for 
forbidden lines of foil], (bill] , ftJelll], and [sil].
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I o n i c  a b u n d an ces  may be o b t a i n e d  from t h e s e
77i n t e n s i t i e s  u s i n g  th e  fo r m u la  o f  S e a t o n ' 1
M(X+n )
N ( H + )
where
4861
x
s a * 11)  =
S(X+n) Ne <  2 (E°)
P ( j ) ( X * n ) A ■
<J J  J
K H f  )
( l i )
^  P ( j )  (X+n) (12)
summed o v e r  t h e  t h r e e  t e r m s  i n v o l v e d ,  and  an  e x p r e s s i o n  
f o r  P ( ; j ) (X 4n) ,  i n  t e rm s  o f  * and t ,  may be o b t a i n e d  f o r  
e ac h  o f  t h e  l e v e l s ,  i f  t h e  a p p r o p r i a t e  t r a n s i t i o n  
p r o b a b i l i t i e s  and c o l l i s i o n  s t r e n g t h s ,  A j  j i  (X*111) ,  
a r e  known. For  (O i l ]  and  f O I I l ]  t h e  e x p r e s s i o n s  f o r  
t h e  P ( j )  q u a n t i t i e s  have  been  g iv e n  by S e a to n  and 
O s t e r b r o c k ^  and by S e a t o n ? ? , w h i l e  f o r  f N e l l l J a n d  
£ S l l ]  t h e y  may be c a l c u l a t e d  from t h e  a to m ic  p a r a m e t e r s  
g iv e n  by G a rs tan g ? ’2 and  S e a t o n 0 : ’ ^ ? ’
For  a l l  c a l c u l a t i o n s  o f  abu n d an ces  from 
t h e  f o r b i d d e n  l i n e s ,  t h e  v a l u e s  o f x a n d  C o b t a i n e d  i n  
s e c t i o n  3*3 have been  u s e d .  The v a l u e  o f  2 (H0 ) 
t = 1 .0 8  i s  2 .8 0  x 1 0 “ l l f  ( e q u a t i o n  ( 1 5 ) ) .  U n l ik e  t h e  
h e l iu m  l i n e  i n t e n s i t i e s ,  t h o s e  o f  f o r b i d d e n  l i n e s  
depend q u i t e  s t r o n g l y  on e l e c t r o n  t e m p e r a t u r e .  Thus 
t h e  e r r o r s  q u o te d  i n  t h e  abundance  r e s u l t s  below a r e  
b a se d  on t h e  t e m p e r a t u r e  u n c e r t a i n t y  o f  * *+00°K
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found in section 3.3} as well as on the observed 
mean errors of the line intensities themselves, 
0* From the nebular lines at 3726a  and 3729A, 
the abundance of 0 is found to be
= 4,i ± 0.8 x 10’5
0*__ From the nebular lines at 4-959A and 5007A, we
obtain
H(0*2) 
II (K*)
, - 4: 1.9 * 0.3 X 10'
The observed relative intensity of these
two lines, I(5007)/I(4959)> is 2.81 in good agreement
with the theoretical value of 2.9 obtained from the
32transition probabilities of Garstang,
Ne4^ From the nebular lines at 38&9A and 3968a , we 
find
N(Ne^) 
NCH + ) 4.3 t 0.9 x 10~5
The observed intensity ratio,
I (3869) / K 3968), is 3*52, again in good agreement with 
the theoretical value of 3*4.
S * From the transauroral line at 4068A, we find
N(S*) _ 0 in-6f ( F )  “ 2: x 10
This abundance should be regarded as
doubtful. Not only is the line very weak, but the
atomic parameters are also less well known.
8.6 Total abundances for helium and oxygen
6 7
It is difficult to derive total
abundances from ionic abundances, since the ionization 
equilibrium for gaseous nebulae can only be determined 
by means of an empirical ionization curve, as
helium and oxygen.
There is very little doubly ionized 
helium in diffuse nebulae. The h686A recombination 
line of Hell is not observed even in surveys of the
therefore, that I(*+686)/I(Hf3 ) <  0,01 and the
gives an upper limit for N(He*2 )/N(H4) of 0,001, 
which constitutes a negligible amount.
helium may be present in nebulae. This is because 
the first ionization potential of helium is nearly 
twice that of hydrogen, and in the outer parts of 
nebulae that are "excitation limited", radiation 
capable of ionizing helium will be exhausted before 
that capable of ionizing hydrogen, leaving a region 
of neutral helium still within the HII sphere.
127suggested by Aller and Menzel, We consider only
faintest lines, such as those of Wyse*1 and Flather 
129and Osterbrock for the Orion Nebula, We may say,
equation (Seaton^)
H(Ke42)
N(H+) (13)
It is possible, however, that neutral
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Feast>L has found, however, that observations of 
electron density in the 30 Doradus Nebula suggest a 
"density limited" structure. Furthermore, we find in 
the next section that the excitation within the 
nebula is everywhere high. In fact, there is evidence 
of the M+71A line of Hel in region "e" on our low 
resolution scans (figure 3)* This region is three 
times as far from the nucleus as region "a",and the 
presence of helium emission in this and other outer 
regions demonstrates the presence of sufficient 
ionizing radiation to keep the population of neutral 
helium in region "a" negligibly small.
Thus, for region "a", singly ionized 
helium is, in fact, the only significantly populated 
ion and we may write
ffnf2* = °«°76 1 0.006
The other element for which a total 
abundance may be estimated is oxygen. This is because 
the abundances of 0 and 0 are both easily 
measurable, and in diffuse nebulae these two ions 
comprise most of the oxygen. In the case of the Orion 
Nebula, for instance, the ionization curve given by 
Aller and Liller^ indicates a relative distribution 
of oxygen among the various ions as follows:
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0° 8 per cent
0 36 per cent
55 per cent 
0 <1 per cent
The degree of ionization is higher in 
the 30 Doradus Nebula; N(0+2)/N(04) 9 4.5 (1•5 for 
Orion). This will mean that the concentration of 
0 J may be somewhat greater than one per cent, and 
that of 0° somewhat less than eight per cent. It is 
difficult to imagine the 0+^ contribution becoming 
very high in diffuse nebulae, however, in view of the 
large third ionization potential (55eV), and the two 
ions 0 and 0 will probably still contribute about 
90 per cent of the total oxygen abundance. We may 
write,therefore,
*  2.5 * 0.6 x lCT4 .
3.7 Electron temperature distribution and 
excitation in the nebula.
130Pronik has proposed a method of 
calculating the electron temperature of a nebula of 
known oxygen abundance, from the intensity ratios, 
1(4959 + 5007)/I(H/9 ) and I(3727)/I(H (3 ). All these 
lines are strong and easily measurable, even in the 
fainter regions of the 30 Doradus Nebula.
3727 N I+ N 2 3727 3727 N I+ N 2NI +N 2
H l  Hp
REGION b REGION C
Fig. 3. 30 Doradus Nebula . Low resolution spectral 
scans of regions * a '-V  . The scans have been scaled 
so tha t the height of Ha is the same on each.
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Accordingly, low resolution scans, as described in 
section 2.2, were obtained for seven regions 
(’’b” - ‘‘h“ of Plate II), for the purpose of determining 
the distribution of electron temperature within the 
nebula. Figure 3 shows the spectra of these regions, 
together with a similar scan of region “a” .
Pronik has given a nomogram relating the 
electron temperature, the oxygen abundance, and the 
intensities of the oxygen lines. A check for region 
’’a” , however, revealed an inconsistency between the 
numerical results obtained from the nomogram and from 
the equations of section 3*5* The discrepancy 
probably arises from Pronik*s expression for the 
intensity, relative to H|5 , of a forbidden line, 
(equation (3.1) of his paper). This equation embodies 
the assumption that all atoms collisionally excited 
to a metastable level will radiate a forbidden 
photon. In other words, no allowance for collisional 
deactivation is made; this also explains why Pronik 
was able to obtain a relationship which did not 
involve the electron density.
Because of this we have recalculated
Pronik’s relationship, using again the expressions of
38 77Seaton and Osterbrock and of Seaton,'' which we 
used in section 3*5» We find that the result is 
independent of electron density only for Ne ^  100 cm“ .^
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For this reason the method is most useful in the 
outer regions of diffuse nebulae, where the density 
is low, and where the surface brightness is too faint 
to measure any but the brightest lines.
We obtain expressions for and
usinS equation (11). Since we expect Te to be 
about 10000°K and Ne to be - 10^ cm“3 ¥e may simplify 
the expressions of Seaton and Osterbrock for the P(J) 
factors, by putting t a 1 and Oc* 1 in ail terms with 
sufficiently small coefficients for these 
substitutions to have negligible effect.
For 0 we then obtain
1-49 ^  3 6.8 x 10? (1+0.0103«) exp(2.89/t) t'»1fg;;07) <iw
The temperature dependence of ^ 4 j2(H0) raay be obtained
90from the results of Seaton.  ^ We have
oe4)2(H°) cC t ~3/2 b4 e*4
Ofli.and Seaton has given values of bl| e ^ at t = 0.25,
0.5, 1.0, and 2.0. Using these, we find the expression
= 2.99 X lO"14 t _0'872 (15)
fits the computed values of oC ^  p(H°) to better than 
three per cent over this range of t. The fit will be 
very much better than this for the restricted range of
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t (about 1.0) found in diffuse nebulae. From (l4) 
and (15) we find
N(042) 
inti*) ” 2.02 X 10-6 (1+ 0.010 x) exp(2.89/t)
x t -O.372
Similarly for 0* we have
1(4919 ± 9007)1(1 (S) (16)
N(C'4 )
N(H+) s 7.9 x
7.6xi 6. 
1 + rf.6oc exp(3.86/t)
* ,-0.372 (17)
If X-  0.01 (He 100 criT^) both these expressions 
are independent of aeto within two per cent. We 
further take
N(04 2 ) . N(0*)n(h4') + nTh f 5 0.90 N(0)nTh7
on the basis of arguments given in section 3.6. Then 
on adding (16) and (17)> we have for Of ^  0.01
= 2,24 x 10”u t "6.372. exp(2.89/ t )
« 7(0.9 7 (18)
for oe = 0.1 the coefficient 0.39 becomes 0.46. If we
can be confident that the electron density is small 
enough, this equation may be used to obtaint from the 
oxygen abundance and oxygen line intensities.
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Further on dividing (16) by (17), we 
have for X 0.01
= 2.56 exp(-0.97/1 ) "^ ^ 3 7 2 7 ^9)
for X  = 0.1 the coefficient 2.56 becomes 2.18.
Values of N(042)/N(0‘,>) obtained from 
this equation may be used as an estimate of the level 
of ionization.
The results for the eight regions of the 
3O Doradus Nebula are given in Table 8. The second, 
third, and fourth columns list the observed 
intensities of the forbidden oxygen lines, and of 
H* , relative to I(Hya ) = 100. The visual absorption 
listed in column five has been calculated from the 
observed HX /Hß ratio and the line intensities were 
corrected for the corresponding amount of reddening.
The last two columns give T , calculated using (18),
and N^°42VN(of), obtained from (19).
Two results are evident. The distribution 
of Te within the nebula has remarkably small variation, 
and the excitation of the nebula is everywhere high. 
N(04^)/N(0+) never falls below 1.8 in the regions 
considered, whereas for the centre of the Orion Nebula 
it is 1*5, and in the outskirts of the 7^  Carinae 
Nebula, it is as low as 0.4 (see Table 11).
7*+.
TABLE 8.
Electron temperature distribution and excitation 
in the 50 Doradus Nebula
Region 1(5727) I(H* ) 1(4959 + 5007) K Te(°K) N(0*2) N(0* )
a 101 42 669 1?0 10800 4.5
b 111 42 632 1.1 10700 4.0
c 86 45*5 654 0.5 10600 6.5
d 203 43 507 0.9 10700 1.9
e 170 48 526 0.15 10400 2.9
f 167 44.5 515 0.7 10400 2.4
S 183 45-5 511 0.5 10500 2.3
h 219 46.5 449 0.4 10300 1.8
It should be noted that the temperatures 
just derived are based on the oxygen abundance of 
section 3.6, which in turn is based on the original 
temperature estimate for region "a". Thus the values 
shown in Table 8 can be no more precise than was this 
original value, i.e. * J+OO^ K. This does not affect the 
qualitative remarks on the uniformity of the temperature 
distribution, however, since any error in the original 
estimate would change all the temperatures in the same 
direction and by approximately the same amount.
The most uncertain feature of the 
calculations of Table 8 is the interstellar absorption.
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Each of the values is based on a single line ratio, and
could well be in error by as much as 0^3• Fortunately,
however, the results are not very sensitive to the
value of absorption; a test for each region revealed
mthat a deviation of 0 #3 in Av resulted in a change in 
Te of less than 100°K, and a change in N(042)/N(04) 
of less than 15 per cent.
Plate III. A photograph of the ^ Carinae Nebula 
in HoC light. (The plate was taken by 
Mr. D. Sher). South is to the top and east to 
the right. The scale on the chart is 7*02 cm 
per degree. The two rectangles marked below 
the print represent -
(i) the size of the scanner entrance slit 
usually employed for detailed scans;
(ii) the size of the scanner entrance slit 
usually employed for low resolution
scans
(i) (ii>
Plate IV. Ä photograph of the bright central 
region of the ^  Garinae Nebula in blue light. 
(The plate was taken by Dr. A.W. Hodgers). 
South is to the top and east to the right.
The scale on the chart is 0.70 cm per minute 
of arc. The two rectangles marked below the 
print represent -
(i) the size of the scanner entrance 
slit usually employed for detailed 
scans;
(ii) the size of the scanner entrance 
slit usually employed for low
resolution scans
( I )
CHAPTER 4
The 7[ Carinae Nebula
Spectrum, Abundances, and Temperature Distribution 
*+.l The spectrum of the 7^  Carinae Nebula,
In Chapter 6, we compare the abundance 
estimates obtained for the 30 Doradus Nebula with 
those published for nebulae in our own galaxy. The 
^ Carinae Nebula has been observed in order to provide 
a further comparison object for this discussion.
Detailed scans and Coude spectra were 
taken at setting position "a” of the nebula, 3* to 
the north of the star Carinae (see ^lates III and 
IV). The size of the scanner entrance slit usually 
employed was 2.9' x 0.32'. Table 9 gives the relative 
intensities of eighteen emissions, corrected for 
atmospheric extinction, I0bs* tn the case of the
observations for the 3^ Doradus Nebula, the mean 
errors for the strongest lines were found to be about 
four per cent, but those for the weaker lines were 
considerably larger. Particular difficulty was 
experienced in obtaining a relative intensity value 
for the ^363 fOutline, which is only one-third as 
strong as in the 30 Doradus Nebula. The value shown 
in Table 9 has an uncertainty of about fifty per cent.
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TABLE 9•
Emission line intensities for the^Carinae Nebula,
region "a"
> ^obs C^OTT ■^theor
3 7 2 6* [OH] 47 85
3 7 2 9* [on] 49 90
377# H 2 . 8 5 . 0
3798^ H 3.4 5 . 9 6 . 1
3835 H 5.7 9 . 7 8.1
3869 [Neill} 7.7 1 2 . 9
3889 He I 7 8 . 3
3889 H ] 1 1 . 4 11.4
3 9 6 8* [Neill] 1.8: 2.8:
5 9 7 0* H 11.7 18.4 1 7 . 2
4 0 2 6^ He I 2.7 CM.
4 1 0 2 H 18.6 27.5 2 7 . 6
4 3 4 0 H 3 6 . 4 47.0 48.9
4 3 6 3 [ OIII] 1.4* 1.8:
4 4 7 1 He I 4.9 6.0
486 1 H 100 100 100
4959 [ OIII ] 69 66
5007 T o m  ] 216 200
* Coude results were used to separate these lines.
tCoude results were used to provide intensity information 
for these weak lines.
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4.2 Interstellar reddening for the ^Carinae Nebula
ThetjCarinae Nebula lies in the galactic 
plane, and much overlying obscuration is evident.
(See Plates III and IV). Recently ÜBV observations 
of several stars in the region were obtained by 
Professor and Mrs. B.J. Bok, and reported by the 
author.10  ^ For eight stars intimately associated 
with the nebulosity, the mean value of the visual 
absorption was
mAv = 1.3,
..m. m.while individual values ranged from 0.6 to l.o. For
another six stars in the general region (within 45’
of the star nj Carinae), the value was
inAy “ 1.1,
m mwhile individual values ranged from 0.6 to 2.0.
From the relationship between the 
reddening of the Orion and 30 Doradus Nebulae, and 
that of their associated stars, we might expect the 
visual absorption for the ^ Carinae nebula to be 
about 1*3 or perhaps a little less. However, on
comparing the observed Balmer line intensities with
n 40the 10000 K, Case B, theoretical values of Burgess,
we find a value
Ay = l'P8
Though this result is unexpected, it is
by no means impossible in view of the considerable
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variations of overlying absorption in the vicinity. 
Region l,au is one of the brightest parts, but it is 
centered only 1* to the east of a small absorption 
lane clearly visible on Plate IV, It is not surprising, 
therefore, to find that it is subject to rather more 
overlying absorption than average.
It should be remarked that, had we 
adopted any of the theoretical Balmer' decrements of
55Pottasch for non-zero values of y  (H<< ), the
interstellar absorption required to fit the observations
would have been still greater.
The second last column of Table 9 gives
the line intensities corrected for the reddening
mcorresponding to 1.8 of visual absorption, while the 
theoretical Balmer intensities of Burgess are shown 
in the last column. Again the agreement between the 
corrected and theoretical intensities is good.
h,3 The electron density and electron temperature.
These quantities were calculated from 
the relative intensities of the forbidden oxygen
lines, using equations (6) and (7) of section
We find
t = 1.09 1-3 CD X0900°K
X  = 0.058 , Ne s 610 em-3
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The value of electron temperature has a large 
uncertainty, due almost entirely to the poorly known 
intensity of the 4363A line. A deviation of fifty 
per cent in the intensity of this line results in a 
temperature uncertainty of * 2000°K.
4.4 The helium abundance.
To determine the helium abundance for 
the ^  Garinae Nebula we follow the procedure of 
section 3.4. We first find the 3889A line optical 
depth from the observed line intensity ratios. We 
have
1(3889)
1(4471) = 1.38> corresponding to ^(3889) ■ 5*4
1(38821
1(1+026) 1.98, corresponding t o 7(3889) = 7.6
In taking a mean, we weight these results according to 
the mean errors obtained for the several intensity 
estimates of the individual lines; the 4026A result 
is given V 5 weight. The mean is 
T(3889) = 6
Thus the oj Garinae Nebula also has an appreciable
optical depth in this line. Tables 1 and 2 of 
44Pottasch’s paper indicate that, for this value of 
T(3889)> the intensity of the 4471k line is two per 
cent higher than its value for zero optical depth,
while that for the 4026a line remains unchanged. 
Accordingly, we correct the observed intensity of 
the 4471Ä line from 6.0 to 5*9.
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We may now use equations (10) of
section 3*^ + to obtain the abundance 
these corrected intensities. We have
from
from the 4471a line, = 0.114
from the 4026A line, if(fvy^ " 0.152
The mean, weighted as before, is
=* 0,120 *  0.018
where the error shown is based on the mean errors 
obtained for the several observations of the 
individual line intensities.
relative intensities of the hydrogen lines and helium 
triplet lines used here are insensitive to 
temperature; even the large temperature uncertainty 
noted in the previous section will have relatively 
little effect on this abundance result. The equations 
(10) are based on the 10000°K values of effective 
recombination coefficients.
abundance for the 30 Doradus Nebula, considerations 
of the nebular excitation enabled us to assume a
We have already remarked that the
When obtaining the total helium
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negligibly small proportion of neutral helium for 
region “a*1. Such is not the case for the ^ Carinae 
Nebula, since we show in section 4.6 that the 
excitation, especially in the cuter regions, is 
considerably lower than in the 30 Doradus Nebula.
The total abundance of helium may, therefore, be a 
little greater than that for singly ionized helium.
In Chapter 6, however, the discussion 
requires only a lower limit to the helium abundance in 
the ^ Carinae Nebula, and this is certainly provided 
by the abundance of the singly charged ion. We may 
write, therefore,
N (He) nThT 0.120 ± 0.018
4.5 Abundances from forbidden lines.
Table 9 contains intensities for 
forbidden lines of Coil],[OIIll, and [Neill]. Ionic 
abundances may be obtained from these intensities 
using equations (11) and (12) and the atomic 
parameters described in section 3* 5* Unlike the 
helium line intensities, those of forbidden lines 
depend quite strongly on electron temperature, and 
the uncertainty noted in section 4.3 has a very large 
effect on the ionic abundances obtained. Accordingly 
Table 10 presents results for each of several assumed
electron temperatures within the range of uncertainty. 
The value of* obtained in section *+.3 has been used 
in all calculations, and the variation of ^  .,(H°)
with temperature is obtained from equation (15).
The observed relative intensity of the 
two lines I(5007)/I(4959) is 3*03? in g°0(i agreement 
with the theoretical value of 2.9. The observed ratio 
I(3869)/I(3968) is 4.6, however, and the disagreement 
with the theoretical value of 3.4 is probably due to 
an error in the intensity of the 3968A line, which is 
very weak in the nj Garinae Nebula.
TABLE 10.
Vf Garinae Nebula, region "a”.
Abundances from Forbidden Lines
Te (°K) N(Ne+2) N(0f)
n ( h + j
N (
S(H*) W
8500 >+.i x 10-5 1.5 x 10_1+ 1 .7
J-10 1—1X 3 .6  X 1 0 “^
9500 2.5 X 10"' 0.9 X 10"4 1 .2 x 10~4 2.3 X 10"4
10500 1 .7  x 1 0 -5 0 .6  x  1 0 "4 0.8 x 10-4 1 .6  x 10"4
11500 1.2 X 10"5 _k0 .4  x 10 0 .6 x 1 0 "4 -41.2 x 10
12500 —50.9 X 10 J 0 .3  x  1 0 "4 0.5 x 10-4 0 .9  x 1 0 "4
We have taken
84.
on the basis of arguments given in section 3.6; 
and have derived the total oxygen abundance according­
ly. The results for the various values of electron 
temperature are quoted in the last column of Table 10.
4.6 Electron temperature distribution and excitation 
in the nebula.
The method of Pronik (section 3«7) was 
used again to estimate the electron temperature 
distribution in the nj Carinae Nebula from the 
intensities of the forbidden oxygen lines. Low 
resolution scans were obtained for seven regions 
(,,bH - "h" of plates III and IV), and Figure 4 shows 
the spectra of these, together with a similar scan of 
region "a”.
The results are given in Table 11. The 
second, third, and fourth columns list the observed 
intensities of the forbidden oxygen lines, and of Htf , 
relative to I ( E p  ) = 100. The visual absorption 
listed in column five was calculated from the 
observed H* / E p  ratio, and the line intensities were 
corrected for the corresponding amount of reddening. 
The last two columns give Te , calculated from 
equation (18), and from (19). The electron
temperatures obtained depend on the assumed oxygen 
abundance, which in turn depends on the assumed
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electron temperature of region "a" (see Table 10). 
For Table 11 we have used the value
N(0)üThT = l.k x 10-1+,
corresponding to a temperature of 10900°K for region 
"a”. Had any other temperature been used, within 
the ± 2000°K range of uncertainty, all the other 
temperatures of Table 11 would have been revised in 
the same direction, and by approximately the same 
amount. The values of would also change
slightly, the ratio decreasing by 18 per cent for a 
2000°K decrease in electron temperature, and 
increasing by 15 per cent for a 2000°K increase.
TABLE 11.
Electron temperature distribution and excitation 
in the y Carinae Nebula
Region 1(5727) I(H<) 1(4959+5007) Av Te(°K)
N(042) 
N (0+)
a 97 56 285 1?8 10900 1.5
b 69 41 555 1.5 10900 5.1
c 75 55 570 2.4 11500 2.1
d 155 57 224 2.0 11200 0.76
e 189 45 175 0.9 10600 0.68
f 146 58 I89 1.9 10700 O.69
g 215 45 112 0.6 10200 0.42
h 181 57 127 1.9 10800 O.56
REGION d REGION e REGION f
Fig. 4 .  C a r ina e  Nebula . Low resolution spectra l 
scans of regions *a*-'h* . The scans have been scaled 
so t h a t  the height of Ha is the same on each.
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As in the case of the 30 Doradus Nebula,
the distribution of electron temperature shows quite a
small variation. The excitation is considerably lower
than that of the 30 Doradus Nebula, however, especially
N(0+2)in the outer regions, and the large decrease in
indicates that the Carinae Nebula is probably an
excitation limited structure.
A test was carried out to determine the
mchanges resulting from an error of 0,3 in Av . The
+2
deviation in was again found to be less thanNv. )
15 per cent, but in this case changes in Te of up to 
200°K were found. The greater sensitivity of the 
electron temperature to the assumed value of Av is due 
entirely to the greater intensity of the 3727A lines, 
relative to the N1+*N2 lines, in the Carinae Nebula.
The technique of composite photography 
provides an excellent means of demonstrating excitation 
differences within a nebula, especially when, as is 
the case for the '*] Carinae Nebula, the 3727A lines and 
the N 1 + N2 lines are of comparable intensity. Plate V 
is a composite print of the nebula, made from an 
ultraviolet plate showing principally the 3727A 
emission of [Oil], and the positive from a yellow plate 
giving the N1+N2 lines of fOIIlJ as well as H 3^
emission.
Plate V. A composite print of the 7  ^Garinae
Nebula, (Both plates were taken by Mr. D. Sher). 
South is to the top and east to the right. The 
scale on the chart is 6.99 cm per degree. The 
black nebulosity is of high excitation, strong 
in £0111] radiation, and the white is of low 
excitation, strong in ("oil] light. Stars 
appearing white on the print are very blue.
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Beth plates were taken by Mr. D. Sher 
with the 20-inch/26-inch Schmidt telescope of the 
Uppsala Southern Station as part of a set observed 
for the purpose of obtaining isophotes of the nebula. 
The ultraviolet plate was a seven minute exposure on 
a Kodak 103a-0 plate through a Schott UG2 filter; 
and the yellow plate a ten minute exposure on a Kodak 
103a-J plate through a Chance 0Y8 filter.
In the composite print, the areas of 
dark nebulosity are high excitation regions where the 
COIII"] emission is much stronger than the [Oil]. The 
areas of white nebulosity near the outskirts of the 
nebula, are regions of low excitation where the [OH] 
emission is relatively high.
o  /
- 6 9  15
-6 9 °  IO'
-  69° 0 5
- 6 9 * 0 0 '
5h4 0 m 5h39m 5h38m ( i9 6 0 )
FIG. 5. HYDROGEN-LINE ISOPHOTES OF THE 
30 DORADUS NEBULA.
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CHAPTER 5.
The 80 Doradus Nebula 
Hydrogen-Line Isonhotes, Mass, 
and Some Stability Questions
5*1 The hydrogen-line isophotes.
Several direct plates of the 30 Doradus 
Nebula were taken with the Mount Stromlo 71*— inch 
reflector, in order to obtain a set of isophotes of 
the object, for the estimation of its mass. The 
isophotes, shown in Figure 5j were traced from one of 
these plates using the isophotometer of the University 
of Michigan. This isophotometer is a new instrument
13built recently to replace the one described by Aller 
(page 28). The plate chosen was a bO minute exposure 
using a Chance 0R1 filter and a Kodak 103a-E emulsion. 
A calibration plate from the same box was exposed on 
the Mount Stromlo spot sensitometer and was also 
traced on the Michigan isophotometer to provide 
relative intensities for the isophotes (see section 
5.2). Both plates weye developed together.
The only appreciable emissions 
transmitted by the plate-filter combination are the 
H<* line and the 65V8A and 6583A lines of fNIll. The 
effect of these ^NII^ lines on the relative intensity
89.
of the hydrogen line isophotes is reasonably small.
In the first place, their combined intensity is 
considerably less than that of the Hod line (Aller
1_L Qand filler y found the ratio to be only 0.2 for the
Orion Nebula); and secondly, the intensity
distributions of all emissions in nebulae are
correlated, to some extent at least. The intensities
of the [Nil] lines and the Balmer lines are
correlated rather better than most, because of the
similarity of the first ionization potentials of
nitrogen and hydrogen (14.5 eV and 13.6 eV respectively).
The same argument applies for any
nebular continuous radiation transmitted by the filter.
6 0The result of Shajn, Gase and Pikelner that continuous 
emission in diffuse nebulae is proportional to hydrogen 
line emission, means that any such emission on the 
plate will have no effect whatsoever on the relative 
intensity calibration. The stellar contribution was 
dealt with by superposing the isophotes on a photograph 
of the region printed to the same scale, and retracing 
the contours eliminating any features which were due to 
stars in the field.
5.2 The relative calibration of the isophotes.
Two independent methods were used to 
obtain a relative calibration for the isophotes.
I
90.
(i) The first calibration was provided by the 
isophotometer records of the spots on the 
calibration plate. The known relative 
intensities of these spots enables a relative
H oc intensity value to be assigned to each 
isophote.
(ii) As a check on the results obtained in (i), 
a second relative calibration was derived from 
scanner observations. To do this, the scanner 
was set at the wavelength of H/3 , and the nebula 
was slowly swept across the entrance slit using 
the telescope slow motion. Similar sweeps were 
also made in the continuum near H p  , and by 
subtraction, a cross-section of the intensity 
distribution of the nebula was obtained (Figure 6). 
Relative RfZ intensities could then be assigned to 
the isophotes, by measuring heights at the 
corresponding positions of the cross-section.
Since the ratio of H* emission to
emission is a slowly varying function of electron
temperature, and since the temperature variation
within the 3° ^oradus Nebula is small, the unreddened
H«! and Hß intensities will be very nearly proportional.
For Te 10600°IC we have (Burgess^)
I(K^) _
i(R/ £ ) 2.61
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This ratio must be adjusted for
interstellar reddening before we may compare the
observed Hoc and Hp intensities, so we require a
value of interstellar absorption appropriate for each
of our isophotes. To obtain this we assume that there
is 0^2 of uniform, visual, foreground absorption
121(Feast, Thackeray, and Wesselink ), and that the 
remainder actually occurs within the nebula itself.
The hydrogen line surface brightness of a region of 
nebulosity of depth L, and electron density Ne , will
pbe proportional to Ne L. If the ratio of gas to dust 
is constant, the interstellar absorption will be 
proportional to NeL. Thus for each of the isophotes, 
the interstellar absorption within the nebula itself 
was estimated by taking it proportional to 
(surface brightness x L)2 
The relative surface brightness of each isophote was 
obtained by anticipating the results of this section, 
while an estimate of L appropriate for each isophote 
was made using the model proposed in section 5.4.
The absorption for region "an was used to obtain the 
proportionality constant. The values of visual 
absorption adopted for each of our six isophotes are
indicated in Table 12.
When adjustments for reddening have been
made, it is possible to compare the Hod relative
intensities obtained from the calibration plate, with 
the H/3 results from the scanner sweeps. Figure 7 is 
a plot of H/3 intensity as a function of plate density 
The open circles are the results obtained from the 
sweeps, and the dots are the calibration plate 
results, reduced to Hfi intensities. It will be seen 
that the agreement is very satisfactory. This 
provides a further demonstration that the fNII] 
radiation mentioned in the last section may indeed be 
neglected, since, if the H at distribution had been 
affected to any extent, a discrepancy would have 
appeared between these two systems.
5.1 The absolute calibration of the isophotes^
To convert the relative intensities of
the isorhotes into absolute monochromatic intensities
-2 -1 -1,(in units of erg cm sec ster ) we must compare 
the areas of scanner tracings of the H ß> line with 
the corresponding heights of the continua on tracings 
of standard stars. All areas and heights must be 
adjusted for atmospheric extinction using the results 
described in section 2.3« In addition, for those 
comparisons in which the nebula and star were observed 
with different scanner slits, a factor must be 
incorporated to take account of the different spectral 
pass-bands employed._
Calibration from spot sensitom eter 
Calibration from scanner sweeps
Surface brightness
P la te  density (a rb itra ry  scale)
F i g .  7 .  C alib ra tio n  curve for the 
30  D oradus Nebula isophotes .
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Code has  g iv e n  a v a l u e  o f  
3 . 8  x 1 0 “ 9 e rg  cm"2 s e c “*1' A“1 f o r  t h e  55&OA f l u x  o f  
a s t a r  o f  v i s u a l  m agn i tude  V = 0 . 0 0 ,  and t h i s  v a l u e  
may he u se d  t o  d e te r m in e  t h e  5560A f l u x  o f  th e  
c o m p a r iso n  s t a r  f rom i t s  v i s u a l  m a g n i tu d e .  I f  i n  
a d d i t i o n  th e  e n e rg y  d i s t r i b u t i o n  o f  t h e  s t a r  i s  known, 
t h e  l+ßölA f l u x  may be o b t a i n e d .  A l l  t h e  s t a r s  u s e d  
were i n c l u d e d  i n  t h e  l i s t  o f  s o u t h e r n  s t a n d a r d s ,  f o r  
w h ich  e n e rg y  d i s t r i b u t i o n s  were o b t a i n e d  i n  t h e  
a u x i l i a r y  programme.
Code’ s v a lu e  o f  t h e  f l u x  a p p l i e s  f o r  
s t a r s  w i t h  B-V = 0 . 0 ,  an d ,  s i n c e  our  s t a n d a r d s  a r e  
a l l  B s t a r s ,  a t e s t  was c o n d u c te d  t o  a s c e r t a i n  what 
e f f e c t  t h i s  has  on our  c a l c u l a t i o n s .  F o r  a  B s t a r  
t h e  e f f e c t i v e  w a v e le n g th  of  t h e  V c o l o u r  sys tem  i s  
d e c r e a s e d  s l i g h t l y  so t h a t  i f  t h e  m agn i tude  o f  t h e  
s t a r  i s  V = 0 . 0 0 ,  t h e  v a lu e  3*8 x 1 0 “ 9 e rg  cm“2 s e c “ *1* A 
a p p l i e s  n o t  t o  55&OA bu t  t o  a w a v e l e n g th  s l i g h t l y  l e s s  
t h a n  t h i s .  The change i n  t h e  4861A f l u x  i s  q u i t e  
s m a l l ,  however -  o n ly  one o r  two p e r  c e n t  i n  t h e  w o rs t  
c a s e .  S in ce  C o d e 's  v a lu e  i s  i t s e l f  u n c e r t a i n  by 
a b o u t  f i v e  p e r  c e n t ,  t h e  u se  o f  B s t a r s  a s  
c o m p a r iso n  o b j e c t s  i s  q u i t e  p e r m i s s i b l e .
Comparisons  w i t h  s t a n d a r d  s t a r s  were 
c a l c u l a t e d  f o r  e v e r y  s c a n n e r  o b s e r v a t i o n  o f  t h e  30
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Doradus Nebula which contained , including the
low resolution scans of regions ,1b,,-t,h, described in 
sections 2.2 and 3,7. In all, thirty observations 
were reduced, and the proportionality factor required 
to obtain absolute from relative intensities was found 
with a standard error of 2>i per cent. However, 
remembering the 5 per cent uncertainty in the value 
3.8 x 10”' erg cm"2 sec  ^A ^ (on which the absolute 
intensities are directly based), we see that errors 
approaching 10 per cent may be present in the 
calibration.
TABLE 12.
Absolute hydrogen-line isophote calibration 
for the 50 Doradus Nebula
Isophote -2 -1 , - 1 . erg cm ser ster A
I(H 06 ) 
v
1.6 x 1(T4 
2.1 x 10"4 
4.3 x 10"4 
7.5 x 10"4 
12 x 10”4 
21 x 10~4
0.45 x 10“5
0.6 x 10"5
1.4 x 10‘5
2.5 x 10-5 
4.3 x 10"5 
7.7 x 10“3
m1 0.3
0.35
0.5
0.7
0.9
1.0
2
3
4
5
6
The final results are given in Table 12
where H fi and H << surface brightnesses are quoted.
In both cases they are the observed values, uncorrected 
for interstellar absorption. The estimate of Av given
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i n  t h e  l a s t  column may be u s e d  t o  a d j u s t  t h e  v a lu e s  
o f  s u r f a c e  b r i g h t n e s s  i n  o r d e r  t o  o b t a i n  t h e  e m is s io n  
a c t u a l l y  o c c u r r i n g  i n  th e  n e b u l a ,  and  t h i s  i s  done i n  
t h e  n e x t  s e c t i o n *
5»*+ The mass o f  t h e  n e b u l a .
The mass o f  a volume, V, o f  n e b u l o s i t y  i s  
c l o s e l y  r e l a t e d  t o  th e  t o t a l  f l u x  o f  r a d i a t i o n  i n  t h e  
Rß  l i n e ,  F(H ) ,  r e c e i v e d  from V. We have f o r  t h e  
f l u x
F ( HA ) = h J v  Ne ^ < ^ 1+ 2 (H°) dV
'  r  ----------------- it J r - -----------------
(19)
S in c e  t h e  t e m p e r a t u r e  v a r i a t i o n  w i t h i n  
t h e  30 Doradus Nebula  i s  s m a l l ,  we may t a k e  
ot  (H°) o u t s i d e  t h e  i n t e g r a l ,  and  p l a c e  i t  e q u a l  t o  
2 .8 6  x 10“ -^ , t h e  v a lu e  c o r r e s p o n d i n g  t o  Te ~  10600°K. 
I f  we a l s o  make D, t h e  n e b u l a r  d i s t a n c e ,  e q u a l  t o  
55 Kpc, and s u b s t i t u t e  f o r  t h e  a to m ic  c o n s t a n t s ,  we 
o b t a i n
F(H^i ) = 3 .2 3  x 10- 7 i  J v  Ne 2 dV
= 3 .2 3  X  10 ‘ 73 V(Te ) 2 , e rg  cm 2 sec  1 (20)
where We i s  t h e  r o o t  mean sq u a r e  e l e c t r o n  d e n s i t y  i n  
t h e  volume V.
Meanwhile t h e  mass o f  h y drogen  i n  V
i s  g iv en  by
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e (21)
where Ne is the mean electron density in the volume V. 
Then, if Z is the ratio of the mean to the root mean 
square electron density,
If we have a uniform distribution of electron density 
in V, Z will be equal to unity; if any irregularities 
occur, Z will become less than one. Thus we may always 
obtain an upper limit to the mass in any volume V of 
nebulosity, by using equation (23) with Z taken equal 
to one. To derive a precise mass, however, we must 
also have a model giving the distribution of electron 
density, and hence the value of Z.
30 Doradus Nebula, that the assumption of a uniform 
electron density throughout the nebula, or even of a 
spherically symmetrical distribution of electron 
density, is false. The setting position ”an is 
obviously part of a well defined loop structure, and 
there are several larger and thicker loops in the 
outer parts of the nebula. Our model, therefore, must 
seek to take account'of these structural details.
Z (22)
we have from (20) and (21)
%  = 1.48 x 10"21 2 (V F(H/»))* , M@ (23)
It is obvious from any photograph of the
- 6 9  15
- 6 9  10
-  69* OO'
5h38m (i960)
Fig. 8. A mode! o f the 30 Doradus Nebula .
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This model we have used is shown 
diagramatically in Figure 8. The nebula is divided up 
into twelve regions, the size and shape of which are 
based entirely on the appearance of the nebula in 
hydrogen-line radiation. Region I is a spheroid, 
regions III, IV, VI and XII are spheres, and the other 
seven regions are bent, and in some cases tapered, 
cylinders. These cylindrical regions will, of course, 
have some distribution in depth, which cannot be 
illustrated in Figure 8, Since their actual depth 
is unknown, we adopt the assumption that they will 
have, on the average, as much distribution in depth as 
in each of the two dimensions in the plane of the sky* 
When finding their volume, therefore, we multiply the 
apparent volume (that projected on the plane of the 
sky) by y 3/2 . A comparison of the regions of Figure 
8 with the isophotes of Figure and with Plate II, 
shows that this model adequately represents the large 
scale structure of the nebula, and that the twelve 
regions include virtually all the emission.
It is as well to point out at this stage, 
that there are several other small nebulae and 
nebulous wisps in the region immediately surrounding 
the 30 Doradus Nebula. The mass estimate we
obtain in this section, however, applies only to the
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nebula itself - the object shown in Plate II - and not 
to the whole complex of interstellar material of which 
it forms part.
good description of the large scale distribution of 
electron density within the nebula, it takes no 
account of density variations within the regions them­
selves, Such fluctuations are obvious in Plate II, and 
have been demonstrated for two adjacent parts of 
region II by Feast,^ who obtained densities of 850 
and 2b0 cnT^ from the (JDII3 3727^ doublet ratios at
the points. In the case of the Orion Nebula,
46Osterbrock and Flather were able to obtain an 
estimate of the extent of these density fluctuations 
by observing the foil] doublet ratio at a large 
number of places in the nebula, and comparing the 
electron densities obtained, with those required to 
produce the observed optical and radio fluxes of the 
nebula. They found that agreement could only be 
achieved if the nebula were considered to be largely 
empty, with 1//30 of its volume occupied by emitting 
matter. For such a situation, the ratio of the mean 
to the root mean square electron density is
Though the model we have adopted gives a
Z
V5.5
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In the case of the 30 Doradus Nebula no 
comprehensive survey of the foil] doublet ratio is 
available, so we can find only an upper estimate of the 
mass of each of the twelve regions. If the density 
fluctuations in 30 Doradus are as violent as those 
found in the Orion Nebula, our mass estimates may be as 
much as five times too large.
The flux, F(Hja), for each of the twelve 
regions was found from the hydrogen line isophotes.
In each case a curve of isophote intensity, corrected 
for interstellar absorption, was plotted against the 
area within the isophote. The area under this curve, 
which gives the flux, was found graphically with a 
planimeter. Total fluxes in lip for the twelve regions 
are tabulated in column 2 of Table 13*
A distance of 55 Kpc was used to convert 
the angular dimensions of each region to linear 
dimensions, and the volume was then calculated using 
geometrical formulae. I'or those regions with 
elongated shapes, the apparent volume was multiplied by 
^ 2 as already explained. The results are given in 
column 3* An upper limit for the mass of hydrogen 
in each region, may then be found from equation (23).
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TABLE 13.
Mass estimate for the 30 Doradus Nebula
Region
F(H/3 )
_ -1 0 -2 -1  10 erg cm sec
V
1059 cm5
%
M 0
I 14 16 70000
II 2.9 0.9 8000
III 3.0 3.3 15000
IV 3.7 16 36000
V 1.9 2 .1 9000
VI 1 .2 0.23 2000
VII 4.3 2.7 16000
VIII 5.2 14 40000
IX 7.0 26 60000
X 2.4 10 23000
XI 2 .1 3.3 12000
XII 1.3 4.5 11000
TOTAL 3 x 105 M,
Adjusting this value for the mass of helium (using
= 0*076), we obtain for the upper limit of the
total mass of the nebula,
M =» b x 10y M@
A comparison of this estimate with that of Johnson^5 
is given in section 6.2.
Plate VI. A photograph of the central region of 
the 30 Doradus Nebula in Hod light. South is 
to the top and east to the left. The scale on 
the chart is 2.6l cm per minute of are. The 
great loop of the nebula is clearly visible.

5.5 The stability of the great loop
101
The most outstanding structural feature
of the 30 Doradus Nebula is the great loop which lies
to the east of the nucleus. Plate VI is a print of
this part of the nebula showing the structural details 
131clearly. Aller (page 291) has suggested that such
loops indicate the presence of large-scale non-uniform
magnetic fields in nebulae. An investigation of the
stability of this loop is of interest, therefore, to see
if any requirement is placed on the magnetic field.
The structure appears in the plane of
the sky as a bent cylinder of length 2.61 and of
radius 0.14*. Taking the distance of the nebula as
55 Kpc, and incorporating a factor in the length
to allow for as much distribution in depth as in the
two dimensions in the plane of the sky, we find
linear dimensions of
length * 50 pc = l6 x 10 cm
19radius = 2.2 pc - 0.7 x 10 cm.
We also require the density of the system in order to 
discuss its stability. The electron density of our 
region “a" was found from 3727A doublet ratio to be
Ne = 5^0 cnT'-h
98Feast found the density of two neighbouring regions
(A and B of his paper) to be
Ne = 850 cm“3
and Ne = 240 cm~3
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These three regions are indicated on Plate VI; they
all lie in the brightest part of the loop,
46Osterbrock and Flather have shown that the non- 
uniform distribution of matter in nebulae tends to 
make density estimates from the 3727-4 ratio rather 
higher than the true mean density. We may expect the 
average density for the loop, therefore, to be rather 
less than the above figures.
Estimates of the root mean square 
electron density may be obtained from the surface 
brightness in Eß , S(HA ). We see from the isophotes 
of Figure 5 that S(Hys) for the loop falls in the 
range
-2 -1 -10.0010 - 0.0025 erg cm ' sec ster
mAdjusting these values for 1.0 of Eß absorption we 
obtain
-2 -1 -10.0025 - 0.0062 erg cm sec ster
The formula for the surface brightness in Eß of a 
layer of nebulosity of thickness L, is easily obtained 
from equation (19):
S(H^S) = h  fL Ne2 dL (24)
Since the temperature variation is small, 
we may again take o/ ^  2 (H°) outside the integral, and 
place it equal to 2.86 x 10*~^If. If, further, we 
measure L in parsecs, we obtain -
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S(HA ) = 1.00 X 106 « ( ^ ( H 0) JL Ne2 dL
= 2.86 x 10“8 L (f^)2 (25)
If we take L as the diameter of the cylinder, 4.4 pc, 
we find the range of Hy3 surface brightness for the 
loop gives a range of root mean square electron 
density of
= 140 - 220 cm-8
We adopt 200 cm-3 for the average electron density
within the loop; the helium to hydrogen ratio,
N(He)/N(H) = O.O76, gives a total density of
4.3 x 10~22 gm cm“ .^
t
In discussing the stability of the loop, 
then, we adopt the model of a cylinder 50 pc long,
2.2 pc in radius, and of density 4,3 x 1CT22 gm cm”~.
It is well known that a cylindrical 
structure is gravitationally unstable to varicose 
deformations,* and will eventually break up into 
several pieces along its length. The classical example
See, for example, Chandrasekhar. 13;»
Mathematically, a varicose deformation may be 
described as one in which the surface of the regular 
cylinder w  =
is deformed into a series of alternate bulges and 
constrictions, so that it becomes
CO = H ♦ 6 cos(2 7T z/ A )
where z is the distance along the axis of the cylind­
er andcj is the radial distance from the axis. Small 
deformations are usually considered, so R . ^  ,
the wavelength of varicosity, measures the distance 
between successive bulges (or constrictions).
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of this behaviour is that of water leaving a hose in
a cylindrical jet and breaking up into drops, although
the instability in this case is due more to surface
tension than to gravitation.
The varicose instability of a uniform
cylinder of incompressible, inviscid, infinitely
conducting fluid has been investigated by
132 135^Chandrasekhar and others. ~ It is found that such
a cylinder is unstable for all deformations with 
wavelength greater than
~x - 2 rr r
A * 1.0658
where R is the radius of the cylinder, 
of the maximum instability is given by
^ m 2TTR0.580
The wavelength
while the characteristic time of break-up is
T = _ 10.245 Ykrr Of
Chandrasekhar has shown that the stability 
of a cylinder is greatly increased by the presence of 
an axial magnetic field of the order of
Hg = k TPR -/"cT 
The stabilizing effect of the field operates in two 
ways -
(i) the wavelengths ^  and 'A m are considerably 
increased, so that longer lengths of the cylinder 
become stable;
(ii) the time, T, which the instability 
takes to manifest itself is also greatly 
increased.
Table 14 shows the values of 
and T corresponding to several values of the magnetic 
field for the case of our loop. The data required to 
compute this table were taken from the references 
already quoted.
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TABLE 14.
The stability of the great loop
H/HG
Hgauss pc. ^ ilpc.
T
yr.
0 0 13 24 7 X 106
o.5 5 x icr6 31 52 1.3 X 10?
o•1—1 10 x 10-6 150 250 6 x 10*7
1.5 15 x io-6 1800 3000 7 X 108
2 .0 20 x 10 "6 60000 100000 2 . If x  1010
We see from the table that a field of
-67 x 10” gauss would keep the observed length of 
cylinder stable against varicose deformations 
indefinitely, while even if the field were zero, it 
would take 7 x 10 years to break into two pieces.
We may obtain an estimate of the age of 
the loop from the radial velocity measurements of 
Feast^k. He measured velocities at five points on
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the loop and showed that differences of 30 or 40 
km/sec occur between diametrically opposed parts. 
Interpreting these differences as an expansion, we 
find that the loop would attain its present dimensions 
starting from a point, in 10^ years at most.
Thus the great loop of the 3^ Doradus 
Nebula would be stable to varicose deformation for a 
period of seven times its life, even with no magnetic 
field, and its existence imposes no conditions 
whatever on the field within the nebula. Any 
demonstration of such a field, therefore, must come 
from other observations (e.g. polarization measure­
ments would seem to be highly desirable).
Regarding the origin of such a structure 
nothing can be said. Indeed as little is known about 
this as about the origin of the other structural 
features to which the varicose theory has been 
applied - the galactic spiral arms. Although no 
magnetic fields are required for the existence of the 
loop, they may well have played an important part in 
its formation.
5.6 The gravitational stability of the nebula.
98Feast has made radial velocity 
measurements at 37 different setting positions in the
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inner part of the 30 Boradus Nebula (within about 
25 pc from the centre). Re obtained a velocity 
dispersion o f 11.3 1 3*2 km/sec, and used this 
result together with the mass estimate of Johnson^ to 
show that the central part of the nebula might possibly 
be gravitationally stable. Since we have considerably 
revised Johnson's mass estimate, we must re-examine 
this conclusion.
With Feast, we confine our attention to 
the sphere of radius 2J pc, in which most of his 
velocity measurements were made. This volume limits us 
to region I of our model, and perhaps small sections of 
the adjoining regions II, III, IV and VII. We see from 
Table 13 that the mass of the region we are considering 
(including that of the helium) cannot be more than about 
1.5 X 1C5 M..
Feast has used the virial theorem to show 
that, with the velocity dispersion he observes, a mass 
of 4 x 10^ M@ would be required to make this region 
gravitationally stable. The mass we have just found is 
thus at least twenty times too small, and the 30 Doradus 
Nebula is definitely a system of gravitational 
instability.
The form of the virial theorem used by
Feast neglects the effects of magnetic fields within the
nebula. Since such fields serve to increase
gravitational instability, however, this in no way 
alters the conclusion just made.
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CHAPTER 6.
Comparisons with Published Results : Discussion
6.1 The 30 Doradus Nebula: Comparison of the
Et& flux with radio observations.
The Balmer line emission of a nebula is
closely related to the thermal emission at radio
frequencies, and it is instructive, therefore, to
compare the results of Chapter 5 with the radio fluxes.
There are two difficulties with such comparisons - the
low resolution of the radio observations, and the
possible presence of a non-thermal component. The low
resolution compels us to deal with integrated fluxes
for the whole nebula.
The dominant mechanism of the thermal
radio emission in diffuse nebulae is that of free-free
transitions, and the formulae which apply have been
6 7given, for example, by Pawsey and Hill. The 
absorption coefficient /< at frequency t/ is given by
(26)
where f  is a slowly varying function of frequency, 
which has a value of 0.12 cgs units at about l^ +OO Mc/s, 
and 0.1*+ cgs units at about 80 Mc/s.
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From (26) we see that the optical depth, T , is
J:L ' ’
and if Te is constant throughout the depth, L, of the
nebula,
. .C ....
J, (27)
The brightness temperature, T^, is then given by
Tb = <Te - Tbkgd> ^  - e'T> «28)
where ^ is the brightness temperature of background 
radiation.
Finally the integrated flux of the nebula
-2 IF = 2k % - *  _\ Tb d A  , (29)
where the integration with respect to solid angle is 
taken over the whole nebula, A comparison of 
equations (27) and (28) with equation (25) reveals the 
relationship between the optical HA surface brightness 
and the radio brightness temperature, and hence between 
the total flux and the total radio flux.
Equations (25)-(29) make it possible to 
predict the flux of the 3^ Doradus Nebula at any radio 
frequency using the hydrogen-line isophotes (corrected 
for interstellar absorption). Such calculations have 
been made at five radio frequencies, 85.5 Mc/s, 
h08 Mc/s, 600 Mc/s, 1MD8 Mc/s, and 3000 Mc/s; the 
results are given in Table 15.
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The radio flux of the nebula has been 
observed at 85.5 Mc/s by Mills, Slee and Hill,100 at 
600 Mc/s by Piddington and T r e n t , a n d  at the other 
three frequencies by Mathewson and Healey.Ä The 
results of these observations are also given in 
Table 15. Mathewson and Healey were able to obtain an 
estimate of the source size, for each of their 
frequencies, by assuming a Gaussian distribution of 
source intensity. The source sizes indicated in 
Table 15 are diameters to the half-power points; the 
total sizes are thus about twice the values shown.
TABLE 15.
Radio Continuum observations of the 30 Doradus Nebula
-iS ^predicted Fobs Source Aerial
Mc/s WnT^c/s)"1 Wm-2(c/ s)-1 Size Beam-width
3000 2.2 x 10“25 5.1 x 10~25 6 ’ x 4.5* 6.7 *
11(08 2.2 x 10“25 4.2 x 10~25 6.6 * x 6 * 1 4’
600 2.0 x 10”25 34 x IO”25 3.3°
408 1 .9 X IO“25 9.7 X IO-25 20» x 20' 4 8'
85.5 1.2 x IO-25 10.8 x 10"25 5 0'
* 1 am indebted to Dr. D.S. Mathewson and Mr. J.H.
Healey for permitting the use of their results in 
advance of publication, and to Dr. R.X. McGee for 
his 21 cm line results reported at the end of this 
section. All of these unpublished observations 
were obtained on the 210-ft. steerable reflector 
of the Australian National Radio Astronomy 
Observatory.
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The comparison is most interesting in 
the case of the 3000 Mc/s and 1408 Mc/s results, for 
which the aerial beam-widths are comparable with the 
dimensions of the nebula. It may be seen that the 
observed source sizes are in good agreement with the 
size of the optically observed nebula. Furthermore, 
when one considers the numerous uncertainties 
involved in comparing optical and radio fluxes in this 
manner, the agreement of the observed and optically 
predicted fluxes to within a factor of two is quite 
good.
For the smaller frequencies, however, 
(where the radio observations are at lower resolution), 
the radio fluxes are considerably larger than those 
predicted from the optical data. There are two 
possible explanations for these differences:
(i) Non-thermal emission may make a contribution 
to the observed radio fluxes. Since thermal 
emission increases with frequency, while the non- 
thermal component decreases, we may expect this 
effect to be greatest for the 85.5 Mc/s results.
(ii) In view of the aerial beam-widths used 
(Table 15), the observed radio fluxes may include 
emission from nebulosity in the surrounding 
region as well as from the nebula itself. The 
diameter of the nebula as it appears optically is
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only about 15* • This effect would be greatest for the 
600 Mc/s results, for which the beam-width was 3*3°.
Examining the fluxes, we see that the greatest 
discrepancy does occur for the 600 Mc/s results, so that effect 
(ii) is almost certainly the more important in explaining the 
flux differences.
Mention should also be made of another aspect
in which radio results are of importance. We have already
noted (section 3*6) that the optical data suggest the Doradus
Nebula is a "density limited” structure. This being so, the
density of neutral hydrogen in surrounding regions should be
considerably less than that of hydrogen within the nebula
itself, and this may be checked using 21 cm line data. Such
observations have been made recently by Dr. R. X. McGee, and
very preliminary reductions reveal that the nebula is part of
an HI cloud some 500 pc in extent, in which the density of
hydrogen is - 7 cm~^. Comparing this value with the
densities obtained for the brighter parts of the nebula
(Njg ^  200 cm”^), we see that the radio results do indeed
indicate a much smaller hydrogen density outside the object,
and so support our hypothesis of a ’density limited” structure.
6.2 The 30 Doradus Nebula; Comparison with the mass 
estimate of Johnson.^
Johnson took as his model of the 30 Doradus
L&Nebula, the Orion Nebula model of Osterbrock and Plat her 
with suitable scaling factors applied.
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He then used the observed radio fluxes at 85.5 Mc/s 
and 600 Mc/s (see previous section) to obtain a mass of 
5 x ICr M0 for the nebula. We now analyze the reasons 
for the difference between this estimate and that of 
section 5*4.
(i) Choice of model. Johnson’s model is a 
spherically symmetrical distribution, where the 
peak electron density is given by Osterbrock and 
Flather’s Table 3? with an angular scale factor 
of 0.66 and a density scale factor of 0.2. In 
addition sharp density fluctuations exist, as in 
Orion, such that only 0,013 of the volume is at 
this peak density, while that of the rest is zero.
We thus have complete information on the density 
distribution on Johnson’s model, and we can see 
what effect the choice of model has on the mass 
estimate by inserting our Hp flux into his model 
and comparing the mass so obtained with our 
value. A check of this nature revealed that the 
use of Johnson’s model would increase our mass of 
hydrogen by a factor of 1.4.
(ii) Distance of the nebula. Johnson used a 
distance of 69 Kpc whereas we have used 55 Kpc.
In determining mass from flux, this introduces a 
factor of 1.8.
(iii) Helium abundance. Johnson used a value of 
N(He)/N(H) of 0.13* whereas we have used O.O76.
This introduces a factor of 1.2 in the total mass 
estimates.
(iv) Use of radio fluxes. By far the largest 
effect is introduced by Johnson’s use of the 
observed radio fluxes, whereas we have used the
flux. We have remarked in the previous section 
that these radio fluxes are greatly in excess of 
those predicted by our HÄ data, and their use by 
Johnson introduces a factor of 3*7 in the mass.
These four effects together amount to a 
factor of 11.2 which completely explains the difference 
between our total mass (4 x 1CP M@) and that of 
Johnson (5 x 10^ M@).
With regard to (iv), the use of the 
radio fluxes by Johnson means that he has determined 
the mass of a much larger system than the one we are 
dealing with. He has, in fact, considered the whole 
complex as it appears in low resolution radio 
observations. Thus as long as this distinction is made 
the use of the radio fluxes will not incur .any 
‘'error“, except in as much as part of the radio 
emission may be non-thermal.
x Johnson assumed the helium abundance to be the same as that found for the Orion Nebula by Mathis.V In 
Johnson's spectrophotometry, the 4471A and 4026A 
lines had similar relative intensities to those in 
the Orion Nebula.
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6 . 1  D i s c u s s i o n  o f  abundance e s t i m a t e s .
F i n a l l y  we compare t h e  h e l iu m  and 
oxygen abundances  we have found w i t h  p u b l i s h e d  v a l u e s
48f o r  o t h e r  n e b u l a e ,  Mathis  h a s  r e c e n t l y  g iv e n  
h e l iu m  abundance  e s t i m a t e s ,  b a se d  l a r g e l y  on p h o t o ­
e l e c t r i c  s p e c t r o p h o t o m e t r y ,  f o r  f o u r  d i f f u s e  n e b u la e  
and  two p l a n e t a r i e s .  He u s e d  t h e  I ( 5 8 7 6 ) / I ( H ^ s  ) 
r a t i o  a n d ,  i n  one c a s e ,  t h e  r a t i o  I ( 4 4 7 1 ) / I ( H ^ )•
M ath is  employed e x a c t l y  th e  same s o u r c e s  o f  a to m ic  
d a t a  a s  we have done ,  and h i s  e q u a t i o n s  f o r  o b t a i n i n g  
t h e  h e l iu m  abundance  from t h e  l i n e  r a t i o s  a r e  t h u s  t h e  
same a s  o u r s .  We may, t h e r e f o r e ,  compare our  e s t i m a t e s  
w i t h  h i s  v a l u e s ,  w i t h o u t  f e a r  o f  t h e  a tom ic  p a r a m e t e r s  
i n t r o d u c i n g  e x t r a n e o u s  u n c e r t a i n t i e s .  The r e s u l t s  o f  
M a th is  f o r  d i f f u s e  n e b u la e  a r e  g iv e n  i n  th e  f i r s t  f o u r  
e n t r i e s  o f  T ab le  16 .  He found an a v e r a g e  d e v i a t i o n  o f  
o n ly  6 p e r  c e n t  a b o u t  t h e  mean v a lu e  o f  0 .1 0 6 .  The 
v a l u e  found  i n  t h i s  i n v e s t i g a t i o n  f o r  t h e  ^  C a r in a e  
N eb u la ,  0 .1 2 0 ,  i s  a l s o  i n  e x c e l l e n t  a g reem en t  w i t h  t h e
r e s u l t s  o f  M a t h i s .
A l l e r  and F a u l k n e r 1 ^  have made a 
d e t e r m i n a t i o n  o f  t h e  h e l iu m  abundance  i n  NGC346 i n  t h e  
Small  M a g e l l a n i c  C loud,  o b t a i n i n g  a v a lu e  o f  0 . 1 1 .  I n  
t h i s  c a s e ,  ho w ev er ,  t h e  a to m ic  p a r a m e t e r s  u s e d  were 
s l i g h t l y  d i f f e r e n t .  I f ,  f o r  t h e  sake o f  u n i f o r m i t y ,
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we use equation (10) to reduce their observed line 
strengths, the abundance estimate obtained is 0.073» 
Interstellar reddening could make this value as high 
as 0.08.
TABLE 16.
Helium and oxygen abundances in diffuse nebulae
Nebula N(He)N(H)
Mo)
N(H)
Orion (galaxy) 0.117 3.4 x 10~k
M8 (galaxy) 0.11
M (20) (galaxy) 0.094
NGC604 (M33) 0.102
IIGC346 (SMC) 0.073-0.08
2.5 x lO"1*'30 Doradus (LMC) 0.076
^  Garinae (galaxy) 0.120
It thus appears that the abundance of
helium in the 30 Doradus Nebula (and probably in NGC 
346 also) is rather less than it is in nebulae in the 
galaxy.
In the case of the 3^ Doradus Nebula we
may also compare the abundance of oxygen found in this
-4investigation, 2.5 x 10 , with that obtained for the
Orion Nebula by Aller and Liller,^ 3.4 x 10“ .^ 
Unfortunately no definite oxygen abundance for the
117
')j Carinae Nebula may be quoted because of the 
temperature uncertainty discussed in section 4,5.
The results of that section, however, are not 
inconsistent with an oxygen abundance as large as 
that for the 30 Doradus Nebula, or even as large as 
that for Orion,
For both helium and oxygen, therefore, 
the 30 Noradus Nebula abundance is 25-35 per cent 
less than the corresponding Orion Nebula abundance - 
a difference which appears too large to be accounted 
for by observational errors.
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